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1.  INTRODUCTION  AND  SUMMARY 


1.1.  Introduction 

In  1986,  our  group  (the  Space  Plasma  Group  in  Stanford  University’s  Space, 
Telecommunications  and  Radioscience,  or  STAR,  Laboratory)  undertook  a  short  but 
intensive  study  of  ionospheric  modification  for  the  Air  Force  Geophysics  Laboratory 
(AFGL).  The  study  was  an  outgrowth  of  the  experimental  and  theoretical  research 
we  are  conducting  for  NASA  and  for  Rome  Air  Development  Center  (RADC).  This 
research  is  largely  directed  toward  the  utilization  of  electron  beams  in  space  for  ve¬ 
hicle  charge  control  and  for  electromagnetic  wave  generation,  and  it  has  included 
experiments  on  flights  of  Space  Shuttle  Orbiters  (STS-3  and  Spacelab-2)  and  rockets 
(CHARGE- 1,  -2).  Our  interest  and  involvement  in  ionospheric  modification  arose 
out  of  a  particular  experiment  we  scheduled  during  the  Spacelab-2  and  CHARGE-2 
flights,  which  was  first  described  by  Banks  and  Gilchrist  [1985].  By  directing  repetitive 
pulses  of  the  electron  beam  downwards  along  the  magnetic  field.  Banks  and  Gilchrist 
[1985]  predicted  that  a  structure  consisting  of  a  regularly-spaced  series  of  ionized 
columns  would  be  produced  that  could  be  observed  from  the  ground  by  suitably- 
located  radars.  Observations  of  the  striated  plasma  screen,  or  “picket  fence,”  would 
provide  information  about  some  of  the  properties  of  the  local  ionospheric  plasma  as 
well  as  the  ionization  produced  by  the  electron  gun.  It  could  also  conceivably  be  used 
as  a  diffraction  screen  for  HF/VHF  radio  transmissions. 

The  picket  fence  produced  in  the  ionosphere  is  a  form  of  ionospheric  modification, 
and  our  work  on  the  topic  led  us  to  consider  what  further  forms  of  ionospheric  modifi¬ 
cation  might  be  produced  by  energetic  particle  or  photon  beams.  Support  for  a  study 
of  these  concepts  in  ionospheric  modification  was  provided  early  in  1986  by  AEGL 
and  the  research  portion  of  the  study  concluded  at  the  end  of  September  1986.  VVe 
should  point  out  that  the  study  was  one  of  new  concepts  in  ionospheric  modification, 
based  on  our  electron  beam  work,  and  thus  no  effort  was  directed  toward  work  on 
ionospheric  modification  by  means  of  high-powered  ground-based  incoherent  scatter 
radars,  or  by  other  well-established  methods  such  as  barium  or  other  similar  chemical 
releases  in  the  ionosphere. 


The  study  naturally  divided  itself  into  a  limited  number  of  efforts  involving  topics 
that  looked  particularly  promising.  These  topics,  together  with  the  members  of  our 
group  that  took  the  lead  on  their  investigation,  are  as  follows: 

(1)  Ionospheric  modification  by  low  energy  electron  beams  {Eg  <  10  keV)  (K.  J. 
Harkcr  and  B.  E.  Gilchrist). 

(2)  Ionospheric  modification  by  medium  energy  electron  beams  (10  keV  <  Eg  <  500 
keV')  (L.  R.  0.  Storey). 

(3)  Ionospheric  modification  by  relativistic  electron  beams  [Eg  >  500  keV)  (P.  M. 
Banks  and  B.  E.  Gilchrist). 

(4)  Ionospheric  modification  by  ion  and  plasma  beams  (L.  R.  0.  Storey). 

(5)  Ionospheric  modification  by  X-ray  and  extreme  ultra-violet  (EUV)  beams  (A.  C. 
Eraser-Smith). 

(6)  Ionospheric  modification  by  neutral  gas  releases  from  an  orbiting  vehicle  (P.  M. 
Banks). 

I'he  chapters  of  this  report  follow  the  above  listing  of  topics.  Since  there  is  little 
overlap  between  the  references  cited  for  each  topic,  a  list  of  the  pertinent  references  is 
appended  at  the  end  of  each  chapter  instead  of  in  a  unified  list  at  the  end  of  the  report. 
Each  chapter  includes  a  brief  summary  section  of  results  and/or  recommendations  for 
further  work,  and  these  summaries  are  combined  in  the  following  unified  summary 
section. 

1.2.  Summary 

1.2.1.  Ionospheric  modification  by  low  energy  electron  beams 

Present  research  on  ionospheric  modification  by  means  of  low  energy  electron 
beams  {Eg  <  10  keV)  already  constitutes  a  new  direction  and  the  available  theoretical 
and  experimental  results  of  this  re.search  suggest  that  it  is  possible  to  create  significant 
and  comparatively  persistent  ionization  enhancements  in  the  E  and  lower  F  regions 
of  the  ionosphere.  Our  suggestions  for  furtlicr  work  are  therefore  largely  directed 
toward  obtaining  a  better  understanding  of  the  modification  produced  by  the  beams. 


Additional  theoretical  studies  are  recommended  primarily  in  two  areas;  (1)  de¬ 
termination  of  the  optimum  conditions  for  beam  launching  and  propagation,  and 
(2)  computations  ot  the  electromagnetic  scattering  produced  by  electron  beam  in¬ 
duced  ionization.  Recommendations  of  experimental  work  center  on  the  u])coming 
CIIARClvd  rocket  experiment,  in  which  our  Laboratory  is  already  actively  involved. 
The  primary  goal  of  the  CHARClv-3  mission  is  electromagnetic  wave  generation  us¬ 
ing  the  modulated  electron  beam  from  a  new  high  current  (~  4  A)  and  higher  power 
(10-15  k\V  )  beam  generator.  Our  suggestions  here  for  additional  work  mostly  involve 
supplementary  ground  observations  that  would  provide  new  information  covering  the 
characteristics  ol  the  ionospheric  modification  produced  by  the  beam. 

1.2.2.  Ionospheric  rnodijicntion  by  medium  energy  electron  beams 

-Moderately  energetic  electron  beams  (10  keV  <  Ee  <  500  keV)  can  be  used  for 
ionospheric  modification  in  the  same  way  as  low  energy  beams,  but  without  appearing 
to  offer  any  distinct  advantages  at  the  present  time.  If  directed  downwards  from  a 
rocket  or  other  space  vehicle,  they  can  produce  ionization  at  lower  altitudes  than  low 
energy  beams,  which  could  be  an  advantage  under  some  circumstances.  It  is  also 
possible  that  it  may  be  easier  for  a  moderately  energetic  beam  to  escape  from  its 
source  in  the  pres(,-nc('  of  vehicle  charging.  On  the  other  hand,  the  more  energetic 
electron  beams  may  be  more  susceptible  to  beam  plasma  discharge  effects  in  the 
vicinity  of  the  vehicle,  and.  for  a  given  current,  they  require  a  larger  power  source. 
Our  one  major  recommendation  lune  is  for  a  stronger  theoretical  and  e.xperimental 
effort  to  investigate  the  conditions  for  escapt'  of  low  and  medium  energy  electron 
beams  from  their  sources  in  the  pn^sence  of  space  plasma. 

1.2.2.  Ionospheric  modification  by  relatiinstic  electron  beams 

Because  (jf  their  deep  penetration  down  into  the  lowest  regions  of  the  ionosplu're, 
arnl  e\('n  into  the  comparatively  un  ionized  middh'  atmosphere,  highly  energetic  (rel¬ 
ativistic!  electron  beams  { E(  >  500  keV)  offer  a  new  ionospheric  modification  capa¬ 
bility.  I'oi  I  his  reason,  we  have  carried  out  a  t  liorough  initial  study  of  the  modification 
that  might  be  achic'ved  with  a  moderately  [xiwerful  (~  5  MW),  relativistic  (~  5  VIeV) 
electron  accelerator  frrun  a  lajcket  or  satr'lliti-  platform.  It  is  shf)wn  that  a  singh'  puls(’ 


w*, 


h"-  J1.A  J 


of  electrons  from  such  an  accelerator  can  penetrate  to  the  lower  mesosphere  and  up¬ 
per  stratosphere,  creating  a  dense  column  of  free  electrons  and  positive  ions  as  it 
does  so.  .At  high  altitudes  the  ionized  column  remains  relatively  static,  decaying  only 
slowly  under  the  influence  of  recombination,  whereas  at  lower  altitudes  the  electrons 
are  lost  rapidly  via  attachment  to  neutral  molecular  oxygen.  The  ionized  column  can 
scatter  electromagnetic  radiation,  and  our  computations  indicate  that  it  may  also 
have  a  most  unusual  property:  it  may  initiate  an  intense  upward  traveling  electrical 
discharge  similar  to  lightning.  This  latter  property  would  make  possible  a  whole  new 
class  of  innovative  experiments.  However,  even  if  the  initiation  of  discharges  proved 
infeasible,  the  creation  of  ionization  in  the  middle  atmosphere  would  enable  impor¬ 
tant  measurements  to  be  made  in  a  region  where  they  are  currently  very  difficult  or 
impossible  due  to  vehicle  limitations.  In  particular,  it  would  be  possible  to  obtain 
information  about  the  ambient  electric  field,  without  concern  for  the  vehicle  effects 
that  have  proven  to  be  a  major  problem  in  the  interpretation  of  rocket  measurements. 

Our  study  has  shown  that  a  rocket-borne  relativistic  electron  beam  experiment 
is  feasible  with  current  technology,  and  an  experiment  is  proposed  and  discussed  in 
some  detail  in  this  report.  Because  of  its  feasibility,  innovation,  and  the  many  new 
measurements  that  would  be  possible  in  the  upper  atmosphere  with  a  relativistic 
('lectron  beam,  we  highly  recornmmend  a  relativistic  electron  beam  experiment  and  a 
continuation  of  the  theoretical  studies  that  are  recpiired  to  support  the  experimental 
effort. 

lonosphtric  rnodijication  by  ion  and  plaf>ma  bfiams 

Our  report  reviews  the  experiment.-,  that  have  been  conducted  in  space  with 
l)lasma  beams  (no  experiments  have  been  conducted  with  non-neutral  ion  beams) 
and  it  details  a  number  of  opportunities  for  original  research  in  the  ionosphere,  in¬ 
cluding  ionospheric  modification,  using  both  high  and  low  jd  plasma  beams.  It  is 
pointed  out  that  a  plasma  beam  can  be  u.sed  to  produce  artificial  plasma  density 
structures  in  the  ionos|diere  in  the  same  manner  as  electron  beams,  but  with  the 
difference  that  the  plasma  beam  structures  can  be  created  at  higher  altitudes.  De- 
velopmcTit  of  a  plasma  source  of  higher  power  than  those  currently  available  in  the 


I'.S.  is  reroinniendod  [or  use  in  liigti  6  plasma  beam  generators,  which  would  have 
application  in  ionosph(‘ric  modilicat  ion.  Finally,  a  high  pla,smoid  e.xpcM  iinent  is  sug¬ 
gested  in  which  a  high-powered  laser  is  used  to  irradiate  a  pellet  of  ionizabh'  material 
ej-^cted  from  the  .Space  Shuttle,  or  other  vehicle,  thus  converting  it  suddenly  into  a 
fully-ionized  plasma  cloud. 

1.2.5.  loiwsphf.ric  tuodificatimi  by  X-ray  and  extreme  ultra-violet  (Ki\')  beam.^ 

This  study  includes  an  initial  investigation  of  the  |)ossibility  of  using  beams  of 
soft  .X-rays  and  e.xtreme  ultraviolet  radiation  for  ionospheric  modification.  It  was 
prompted  partly  b\-  the  following  two  general  advantages  of  photon  beams  for  modi¬ 
fication  e.\|)erimcnt s:  (1)  1 'nlike  beams  of  charged  particles,  photon  beams  proi)agate 
through  the  iono^pllcrc  with  litth' or  no  dependence  on  the  geomagnetic  field.  I  nr- 
ther.  (2)  tlu'ii'  u-'O  for  ionospheric  modification  avoids  the  potential  dillicnlt ies  with 
vc'hicle  chargiii'j  i  liai  the'  use  of  charged  particle  beams  normally  entail.  Mme  impor¬ 
tantly.  in  the  pri'-ent  instance,  the  investigation  was  prompted  by  new  developments 
in  the  profluction  and  beam  formation  of  soft  X-rays/EUV  that  are  currently  the 
subject  of  lesi'ai'ch  in  Stanford  I 'niversity’s  Clinzton  Laboratory  and  which  suggest 
the  feasibility  of  >pace  experiments. 

Our  iiu'estigat  ion  has  shown  that  an  X-ray/EUV'  beam  generator  with  similar 
characterist  ics  to  one  already  in  use  in  the  laboratory  can  prodiici'  columns  of  sub¬ 
stantially  enhancf'd  ionization  in  the  ionosiihere,  and  that,  as  a  result  of  (1)  abovm 
the  columns  do  not  have  to  be  field  aligned.  .Although  the  enhancenu'nt  of  ionization 
fleca\’s  rapidly  under  most  conditions,  it  may  be  ch'tectable  for  times  of  the  order 
of  minutes  during  the  night  at  some  altitudes.  It  should  be  noted  that  the  soft  .X- 
ray/EUV  tjeam  will  not  penetrate  as  deeply  down  through  the  lower  ionos|)here  as  will 
a  beam  of  relat  i\  ist  ie  (df'ctrons:  the  beam  is  absorbed,  and  its  ionization  is  produced, 
[ired'iminaut  ly  in  I  lie  altitude  range  bO  bit)  km.  Pr-nel  lation  below  SQ  kun  would  re¬ 
quire  .X-ra\s  with  energies  substantially  gix’atr'r  than  thos('  that  can  Ik'  |)i'oduced  at 
present  by  the  teihnology  w('  have  st  udied. 

Mera'i  '■  th''  X  lay/EI'V  Ix'am  tc'chnirpie  ol  ionospheric  modification  apjiears  to 
be  feasible  without  an\'  further  t.echnical  advaini's.  iuit  may  be  \-ery  uTcatly  enliaiicecl 
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by  further  development,  and  because  of  tlie  other  desirable  features  of  X-ray/EUV' 
beams  for  ionospheric  modification  that  are  detailed  above,  additional  research  on 
the  techni(iue,  leading  up  to  a  'proof-of-concept’  rocket  experiment,  appears  to  be 
desirable  and  is  recommended. 

1.2.6.  lonosphtric  modification  bxj  neutral  gas  releases  from  a  rapidly  moving 
spavt  cehirk 

Our  study  of  neutral  gas  relea.ses  in  the  ionosphere  draws  attention  to  a  new 
process  which  is  independent  of  the  better  known  Critical  Ionization  Velocity  (CIV) 
('tfect  and  which  could  lead  both  to  the  generation  of  ELF/VLF  waves  and  to  electron 
density  nuctuations  that  could  disturb  the  local  ionosphere.  The  key  to  the  initiation 
of  th('  process,  which  involves  charge  e.xchange,  is  release  of  the  neutral  gas  from  a 
rapidly  moving  vehicle  such  as  the  Space  Shuttle.  It  is  also  important  that  the  neutral 
particles  should  be  relatively  heavy  (compared  with  O'*').  Several  recommendations  of 
additional  theoretical  and  experimental  work  are  made.  First,  and  perhaps  most  im¬ 
portant  at  this  stage,  we  recommend  that  basic  calculations  be  carried  out  in  support 
of  the  propo.sed  charge  exchange  process.  These  calculations  need  to  cover  typical 
gas  releas('s  and  to  take  into  account  the  various  possible  charge  exchange  rates  for 
diffcTent  gases  and  the  effects  of  cloud  expansion.  A  second  recommendation  is  for 
a  plasma  .'simulation  study  of  the  process,  preferably  using  one  of  the  3-dimensional 
computer  codes  that  are  now  available.  Experimental  recommendations  include  a 
study  of  existing  data  obtained  during  thruster  firings  on  STS-3  and  Spacelab-2. 
Considerable  optical  and  plasma  data  are  immediately  available  for  study  and  rapid 
progress  might  be  possible  simply  by  analyzing  these  data.  Finally,  a  Shuttle  experi¬ 
ment  to  test  the  concepts  involved  in  the  new  process  would  be  comparatively  simple 


arm  IS  lec 


ommended. 


1.2.7.  ('onclusion 

This  study  of  new  concepts  in  ionospheric  modification  has  resulted  in  several 
flctailed  siigge.stions  for  new  experiments  in  addition  to  the  suggestions  we  ha.v('  made 
for  apf)lirat  ions  of  the  current  low  energy  electron  beam  experiments  to  ionosplieric 
modilii  ;it  ion.  Most  of  the  ix'comrnendations  involve  particle  or  photon  beams,  but 
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an  experiment  to  investigate  a  new  charge  exchange  mechanism  in  a  cloud  of  neutral 
gas  released  from  a  rapidly  moving  vehicle  in  the  ionosphere  is  also  described  and 
is  recommended.  Two  of  the  suggested  new  experiments,  one  involving  relativistic- 
electron  beams  and  the  another  bc^ams  of  soft  X-rays/EUV  radiation,  utilize  siew 
technologies  that  have  only  been  developed  very  recently  and  which  have  a  potentially 
very  large  payoff  in  terms  of  new  effects  that  can  be  produced  in  the  ionosphere*  and 


in  the  new  knowledge  that  will  be  gained. 
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2.  LOW  ENERGY  ELECTRON  BEAMS 


Recent  locb't  and  space  shuttle  experiinenls  have  shown  that  it  is  possihh'  to 
launch  low  eiungy  (  LV  <  10  keV)  electron  beams  of  moderate  power  into  tlu'  earth's 
ionosphere  and  magnetosphere.  Such  beams  can  create  significant  ionization  in  the 
E  and  low  F  regions  of  the  ionosphere.  Through  proper  selection  of  beam  related 
parameters,  a  variety  of  plasma  density  structures  can  be  created,  and  studied  over 
a  pc'i'iod  of  minutes  and  (iihliiisl.  IDS.')].  l'i)r  ('xample.  as  the  spaceci'aft 

moves  along  its  jjath.  it  should  be  possible  to  create'  a  sheet-like  density  structure  by 
operating  the'  electron  gun  continuously,  or.  bv  |>ulsing  the  gun,  periodic  strnctuie.s 
within  the  sheet  could  be  create'd.  In  the  lollowing  s(*ct ions  we  consider  the  ionospheric 
modification,  ('lect  I'omagtietic  w.we  scattering,  and  electromagnetic  wave  getieration 
tiiat  can  l)e  produce'd  l)y  a  low  ('uerg.v  eh'ctron  Ix'am  in  the  ionosphere.  Tlie  two  final 
sections  contain  recommendations  for  future  work  and  a  list  of  references. 

2.1.  Ionization  Process 

J.l.l.  (if  iKrdtinn  of 

W'Ik'ii  an  elctroii  beam  is  launched,  the  number  density  of  the  beam.  is 
typicallv  several  limes  hirgei  than  that  of  tlu'  surrounding  ambient  plasma.  ,\s  a 
C()ns<'(iuen(  ele(  i  rosl at  ic  forces  cause  the  beam  to  expand.  Intense  elc  trostatic 
waves  resulting  from  f)eam-|)lasma  interaction  scatter  the  irrimary  electrons  as  well 
as  the  secotidarv  electrons  created  by  impact  ionization.  The  result  of  all  this  is  a 
cvlindi  i(  all V '-ymiiiet  lie  beam  with  a  broad  I'angc' of  ])it,ch  angles.  Fhc' bc'am  diameter 
is  t  \  pn  a  11  \  assimi'  'd  I  o  be  I  wicc'  I  he  eh'cl  ron  Larmor  raclius  sc't  by  the'  c'lc'ct  ron  cnc'igv 
a  in  1  tl  le  nirigliel  ic  held; 

“  ^  7> 

I)  ~  —  (2. 1 ) 

where  I'l,  is  1  he  pi  iiiirirv  bc'iim  \-e|ocity  ancl  a,',-,  is  t  he  ('lect  ron  gyrof reciiK'in  \ . 
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If  the  spareorait  has  a  speed,  c.,,  then  the  volume  carved  out  by  the  beam  is 
occupied  for  a  time  D/vs.  If  the  kinetic  energy  in  the  beam  Hows  at  a  rate  P,  then 
th('  energx'  deposited  in  the  carved  out  volume  is 


c  =  p" 

I's 


(2.2) 


and  t  he  corresponding  total  number  of  collisions  is  given  by  where  7  is  the  energy 
per  collision  (11-5. eV).  If  the  length  of  the  volume  carved  out  by  the  beam  is  L,  then 
the  volume  is  7rD“/-/4.  and  the  number  of  collisions  ])er  unit  volume  is 

^  P 


V  — 


TrD’L/4  iy,Lv, 


(2.3) 


I  he  duration  oi  these  ionization  enhancements  depends  on  the  recombination 
lime,  riu'  initial  ions  undergo  rapid  reactions  with  the  constitiunit  of  the  neutral 
upper  atmosphere  to  give  mostly  .VO'*',  d’his  ion  is  then  lost  via  a  dissociative'  re¬ 
combination  of  t  he  form 


NO^  N  +  0 


>.4) 


The  recombination  rate  oq  gives  rise  to  a  decay  time 

1  7.7  X  10'' 


TO  = 


ODlle 

where  /p  is  in  units  of  electi'ons/cm^. 


(2.5) 


lx|uati()n  (2. .3)  is  only  approximate,  since  it  does  not  account  for  the  variation  of 
II  with  distance  along  the  beam.  A.  more  accurate  theory  can  be  built  on  I, Ik-  result  of 
(,'riiii  [l!).')7],  who  showed  that  the  energy  lost  jjer  eh'ctron  jx'r  unit  h'ligth  (kg/m‘), 


/.  given  !)>■ 


E. 


o  =  -—A 


H 


(2.6) 


where  is  the  ionizing  eh'ctron’s  initial  energy,  U  is  the  range  measured  in  units  of 
kg/nr’,  and  A  is  a  univeisal  function  of  zjU.  Cirun  showed  that 


U  =  I..57  X  10-^(/io/]000) 


,1.75 


(2.7) 


where  Eg  iy  measured  in  electron  volts.  The  number  of  collisions  per  unit  length  is 
given  by 


a 

-P 

7 


(2.8) 


where  p  is  the  density.  On  the  other  hand,  the  electron  flux  per  square  meter  is  given 

by 


/  D  P 

_ _ 

eirD-Vg  eDvs\ 


(2.9) 


where  V  is  voltag('. 


If  we  multiply  (2.S)  by  (2.9)  and  substitute  (2.6),  we  obtain  the  number  of  ionizing 
collisions  per  unit  volume: 


n 


=  A(c//?) 


jlJL 

Dr, 


(2.10) 


If  we  define  an  effective  range 


(2.11) 


then  (2.10)  takes  a  form  similar  to  (2.3): 


n 


X{z/R) 


P 


DlLeffl's 


(2.12) 


Rees  [196.3]  has  given  atmosi)heric  parameters  applicable  to  the  theory.  Using 
(2.2),  (2. .5),  and  (2.12)  it  is  possible  to  construct  curves  of  ionization,  n,,  versus  height 
as  a  function  of  time  into  afterglow.  Results  for  1  keV  and  ■')  keV  beams  are  shown 
in  f  igures  2.1  and  2.2,  respectively.  I'hese  figures  clearly  show  how  increased  energy 
increases  the  depth  of  penetration  and  |)roduces  an  increasingly  |)ronounced  maximum 
of  the  electron  density  with  altitmle. 

If  t  lu'  beam  is  emit  ted  continuonsly,  a  she('t  of  ionizal  ion  will  be  cr('at('d.  On  the 
other  hand,  if  a  pulse  is  emitted,  a  picket  [encf  pattern  will  be  created,  each  pickcM 
cf)rresf)onding  to  a  judse.  I'he  picket  lence  pattern  is  |)articula.rly  interesting,  since 
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Figure  2.1.  Temporal  variation  of  ionization  densities  produced  in  a  uniform  plasma 
sheet  by  an  80  mA,  1  keV  electron  beam  from  a  platform  moving  at  7  km/sec. 
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Figure  2.2.  Temporal  variation  of  ionization  <lensities  produced  in  a  uniform  plasma 
sheet  by  a  1  A,  5  keV  electron  beam  from  a  platform  moving  at  140  m/sec. 


it  can  uivc  rise  to  Bragg  diffract  ion  phenomena  due  to  the  periodic  structure  of  the 
picket  fenc(’. 


A  variety  oi  physical  effects  should  beexpect<‘d  as  result  of  a  very  localized  ioniza¬ 
tion  event.  1  wo  examples  of  this  are  an  outward  pressure  gradient  electrostatic  field 
with  corresponding  E  X  B  drifts  and  the  possibility  of  convective  instabilities  creating 
tln'ir  own  spatial  structure  within  the  ionization  sheet.  Also,  because  of  the  vertical 
extent  of  the  ionization  sheet,  it  is  possible  to  provide  enhanced  coupling  between 
r<'gions  with  differing  ionic  properties,  such  as  collision  frequency  and  gyrofrequency. 

2.2.  Electromagnetic  Scattering 

One  of  the  pnnc.|)al  potential  applications  of  ionospheric  enhancements  is  as  a 
'catieier  of  high  frect'cney  electromagnetic  waves.  This  process  could  therefore  be 
ii^<  <1  to  remotely  probe  t  ue  affected  altitude  regimes  for  scientific  purposes,  as  a  re- 
(!e(  turn  site  for  flF  over-the  iK)rizon  (OTH)  ground-based  radar,  or  possibly  for  com- 
mnnn  ation  rnirpoi-es  by  '-catt(>ring  signals  back  to  the  ground  that  wottld  otherwise 
'.If  i'.'St  lliroiigh  the  ionosphere. 
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.\  •.(ii  iety  of  .scat  tering  mec  lianisms  may  occur  depending  on  specific  electron  beam 
.iiid  iono.sjiheric  conditiotis.  1 1’(‘  simplest  is  scattering  from  a  single,  isolated,  nearly 
eylindi  ie;d  .scattering  c(  !umti  result  iiig  irom  a  .diort  pulse  of  the  electron  beam.  For 
aiuil'.  SIS  pm mcAses.  this  could  ix*  thouglit  ol  as  a  dielectric  medium  or  it  can  be  treated 
''imil.,il\'  i(  the  ionization  resulting  !r"m  a  meteo'-  trad  after  it  has  expanded  due  to 
<im!)i;)ojai  diffusion.  Si  at tcriiig  from  a  variety  of  peiic die  spatial  structures  should 
ids.,  be  |)ossil)le.  Tlu'se  stiintiires  could  result  naturally  from  plasma  instabilities 
from  the  elertion  'leani  s  piopagaiion  througl.  the  plasma  or  from  gradients  within 
till'  I  e.ihing  ionization  eiihaneenieni  rr>gion.  Similarly,  spatial  structures  could  also 
be  navitid  dnc'ctlv  lakmg  advaiisage  cl  the  spaeecraft  s  .  otion  while  pulsing  the 
election  gnu  a'  the  appio|iriat<-  ’at<-.  <realing  a  picket  fcin  e  sheet  structure  across 
the  sky.  linally,  witii  sullicient  u.mizat  i-.ni  and  per.'istenc  .  com|)letely  incoherent 
^ratter  etlects  may  Ix'  measurable. 
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2.2.1.  Column  Scattering 

In  general  the  strongest,  signal  scatt<>red  by  a  column  of  plasma  occurs  for  wave 
vectors  which  lie  in  the  plane  perpendicular  to  the  ionized  column  (and  the  coincident 
magnetic  field  line)  and  in  which  lies  also  the  wave  vector  of  the  incident  signal. 

The  measure  (jf  t'  effectiveness  of  the  column  as  a  scatterer  is  its  radar  cross- 
section.  I’his  cross-section  is  determined  by  solving  for  the  radiation  fields  which  are 
generated  when  a  plasma  column  is  irradiated  by  an  incident  plane  wave.  This  is 
done  by  solving  simultaneously  the  plasma  equations  in  conjunction  with  Maxwell’s 
equations. 

An  excellent  source  of  material  on  scattering  phenomena  is  given  in  the  Radar 
Cross  Section  Handbook  [Ruck  et  ai,  1970].  Under  most  circumstances  the  plasma 
can  be  described  by  a  dielectric  tensor  analogously  to  that  for  a  dielectric  medium. 
When  the  plasma  is  subject  to  a  magnetic  field,  the  pla.sma  is  represented  as  an 
anisotropic  dielectric  and  the  tensor  becomes  vc.y  complicated.  Formulas  for  the 
plasma  dielectric  tensor  may  be  found  in  Ruck  et  al.  [1970]. 

Tang  [1966]  has  considered  the  problem  of  scattering  from  a  plasma  column  in  the 
absence  of  magnetic  field  using  an  isotropic  pressure  term.  General  expressions  for  the 
cross-section  for  both  polarizations  are  given,  including  the  effects  of  the  excitation 
of  longitudinal  oscillations.  Gildenburg  and  Kondrat’ev  [1965]  studied  the  plasma 
cylinder  using  the  hydromagnetic  approximation. 


An  extensive  set  of  scattering  curves  for  plasma  cylinders,  which  have  electron 
density  profiles  expressed  a.s  polynomials,  have  been  calculated  by  Ridder  and  Peter¬ 
son  [1962]  and  Ridder  and  Edelberg  [1964].  The  Born  approximation  has  been  used 
by  Midzuno  [1961]  and  Ruquist  [1964]  to  calculate  the  cross  section  of  an  electron 
density  distribution,  which  is  arbitrary  except  for  the  requirement  that  the  plasma 
frequency  must  be  much  less  than  the  radar  frequency. 

Axial  variations  of  the  permittivity  make  the  variation  of  the  scattered  field  three 
dimensional.  Brysk  [1958]  has  used  the  Born  approximation  to  compute  the  scattering 
for  low  density  meteor  trails  with  axially  varying  permittivity. 


The  most  interesting  and  pertinent  cases  studied  are  those  which  include  a  mag¬ 
netic  field  and  the  corresponding  anisotropic  plasma  dielectric  tensor.  The  homoge¬ 
neous  plasma  cylinder  in  the  presense  of  a  uniform  axial  magnetic  field  was  studied  by 
Wait  [1961],  Platzman  and  Ozaki  [1960],  and  Adachi  [1962].  Messaien  and  Vandenplas 
[1962]  found  good  agreement  between  theory  and  experiment  for  these  cases.  Wait 
[1961]  also  presented  solutions  for  the  inhomogeneous  plasma  case  by  considering  a 
plasma  cylinder  consisting  of  concentric  layers  with  different  properties.  Messaien 
and  Vandenplas  [1966]  have  studied  the  existence  of  a  scattered  Ez  field  which  exists 
even  for  normal  incidence.  Dnestrovskiy  and  Kostomarov  [1963]  considered  a  plasma 
with  a  diffuse  boundary. 

Crawford  and  Marker  [1983]  considered  the  nonlinear  scattering  from  such  plaisma 
beams.  Nonlinear  scattering  can  occcur  when  two  separate  electromagnetic  waves  mix 
in  the  ionized  region,  or  when  a  single  beam  in  the  ionized  region  is  strong  enough  to 
generate  harmonics  of  itself. 

When  the  incident  wave  has  a  frequency  less  than  that  of  the  peak  plasma  fre¬ 
quency  (the  overdense  case),  interesting  resonance  phenomena  may  arise.  These 
correspond  to  internal  resonances  of  the  plasma  column  itself.  The  most  well  known 
of  these  is  the  dipole  resonance,  which  occurs  at  ijOpI y/2  [Crawford  et  ai,  1963].  There 
are,  in  fact,  an  infinite  series  of  these  resonances,  and  they  are  often  referred  to  as 
the  Tonks-Dattner  resonances  [Parker  et  ai,  1964]. 

It  may  be  possible  to  observe  these  resonances  in  scattering  experiments  with 
artificial  auroras,  in  which  case  they  would  appear  as  greatly  enhanced  signals  at 
selected  frequencies. 

Herlofson  [1951]  studied  the  problem  of  plasma  column  resonance,  and  described 
the  dipole  resonance.  Fejer  [1964]  considered  temperature  effects,  and  showed  that  a 
series  of  resonances  occurred  near  u  =  Wp.  Parker  et  al.  [1964]  and  Crawford  [1963] 
observed  these  resonances  experimentally  and  explained  them  on  the  basis  of  plasma 
pressure  theory. 
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2.2.2.  Sheet  Scattering 


A  unique  feature  of  beam  particle  induced  ionization  enhancements  is  the  ge¬ 
ometry  of  the  ionization  region  that  is  created.  Because  of  the  relatively  narrow 
diameter  of  the  electron  beam  and  the  motion  of  the  spacecraft  platform,  the  result¬ 
ing  ionization  enhancement  traces  out  sheets  of  ionization.  The  sheet  description  is 
particularly  appropriate  when  the  extended  nature  of  ionization  along  the  magnetic 
field  is  considered.  This  ionization  geometry  is  in  contrast  to  other  ionospheric  mod¬ 
ification  techniques,  such  as  Barium  chemical  release  whose  initial  localized  spherical 
shape  only  allows  for  limited  extension  along  the  magnetic  field  or  HF  heating,  which 
affects  a  volume  of  considerable  extent.  Naturally  occuring  ionospheric  modification 
such  as  sporadic-E  or  aurora,  except  for  single  meteor  trail  events,  typically  occur 
over  regions  of  considerable  volume. 

Another  unique  feature  of  beam  particle  ionization  enhancement  is  the  fact  that 
a  picket  fence  type  of  structure  can  be  created  within  the  sheet  of  ionization  by 
pulsing  the  beam  source  as  the  spacecraft  moves  (see  Figure  2.3).  This  is  particularly 
interesting,  since  it  will  give  rise  to  Bragg  diffraction  phenomena  due  to  the  periodic 
structure  of  the  picket  fence  that  can  enhance  the  scattering  process  due  to  coherent 
addition.  The  optimal  spatial  wavelength  or  diffraction  grating  spacing  will  be  such 
that  the  largest  peak  to  minima  ionization  is  created.  This  occurs  when  the  beam 
is  operated  with  a  50%  duty  cycle  and  the  on  time  is  such  that  it  allows  the  beam 
source  to  move  a  distance  exactly  equal  to  its  beam  diameter. 


Complex  viewing  geometries  are  possible  depending  on  the  motion  of  the  space¬ 
craft.  In  particular,  we  show  the  geometry  associated  with  a  recent  rocket  experiment, 
CHARGE-2,  flown  at  White  Sands  Missile  Range.  Figure  2.4  shows  a  computer  sim¬ 
ulation  of  the  rocket  trajectory  and  portions  of  the  sheet  ionization  regions  created. 
As  can  be  seen,  because  of  the  rocket’s  trajectory  and  the  given  orientation  of  the 
earth’s  magnetic  field,  the  ionization  sheet  will  trace  out  a  complex  pattern.  Also 
shown  in  the  figure  are  ground  contours  of  aspect  angle  for  a  specific  location  along 
the  ionization  sheet. 


^ . . . .  . . .  .  ■  ''.J 


kN'  .-1 


Figure  2.3.  Schematic  diagram  showing  the  creation  of  a  ‘picket  fence’  of  compar¬ 
atively  highly  ionized  columns  in  the  ionosphere  by  the  emission  of  a  periodically 
pulsed  electron  beam  from  a  moving  source.  The  electron  beam  is  directed  along  the 
earth’s  magnetic  field  B  and  each  column  is  produced  bv  one  of  the  pulses  in  the 


A  variety  of  radio  experiments  taking  advantage  of  the  unique  geometry  of  the 
ionization  enhancement  as  well  as  the  periodic  striations  occuring  within  the  sheet 
structure  should  be  possible.  The  spatial  wavelengths  associated  with  optimal  picket 
fence  structure  should  be  in  the  HF  wavelength  regime  of  60  to  10  meters,  while 
instability  structures  may  extend  to  shorter  wavelengths  in  the  VHF  range.  The 
artificial  diffraction  screen  structure  could  be  used  to  provide  coherent  scattering 
in  both  the  forwa,rd  and  backward  directions.  This  structure  should  be  sensitive 
to  changes  along  the  magnetic  field  line  occuring  over  dimensions  of  a  Fresnel  zone 
providing  a  method  of  observing  temporal  variations. 

2.3.  Generation  of  Electromagnetic  Waves 

Beam  injection  experiments  can  tell  us  a  great  deal  about  the  space  environment, 
but  probably  one  of  the  most  interesting  aspects  is  the  generation  of  plasma  waves 
by  the  electron  beam  in  the  presence  of  the  background  plasma.  By  monitoring  these 
plasma  wave  emissions,  such  as  with  the  PDF  on  the  Shuttle,  we  can  learn  much 
about  the  interaction  processes  that  take  place  in  the  beam-plasma  system. 

Another  important  potential  use  of  the  electron  beam  in  space  is  its  role  as  an  an¬ 
tenna,  i.e.,  as  a  generator  of  electromagnetic  waves  for  communication  purposes.  The 
availability  of  an  antenna  which  uses  no  wires,  but  only  a  modulated  beam  of  elec¬ 
trons  in  space,  offers  great  potential  advantages.  Chief  among  these  are  long  length 
and  thus  higher  radiation  resistance,  important  for  the  generation  of  low  frequency 
waves,  and  the  elimination  of  metallic  ohmic  losses. 

2.S.I.  Past  Work 

A  number  of  systematic  investigations  have  been  conducted  over  recent  years  into 
the  generation  of  electromagnetic  waves  by  the  passage  of  a  pulsed  electron  beam 
through  a  magnetized  plasma.  This  has  been  motivated,  of  course,  by  numerous 
experiments  and  the  applications  which  have  been  mentioned  above.  Using  a  simple 
model  for  a  pulsed  electron  beam,  it  has  been  po.ssible  to  obtain  a  number  of  important 
predictions  concerning  the  nature  and  characteristics  of  the  fields  generated. 


Basically,  there  are  three  main  radiation  mechanisms  that  can  cause  emissions 
from  an  electron  beam:  incoherent  spontaneous  emission,  coherent  spontaneous  emis¬ 
sion,  and  stimulated  emission. 

In  incoherent  spontaneous  emission  all  the  electrons  radiate  independently  of  one 
another,  giving  rise  to  a  radiated  power  proportional  to  the  number  of  radiating  par¬ 
ticles.  A  number  of  authors  have  studied  this  phenomena  in  relation  to  either  natural 
or  artificial  beams.  Their  general  conclusion  has  been  that  incoherent  spontaneous 
emission  is  not  strong  enough  to  give  significant  radiation  from  an  electron  beam  of 
the  type  currently  injected  into  space  from  orbiting  vehicles. 

In  coherent  spontaneous  emission  each  particle  still  emits  by  spontaneous  emis¬ 
sion,  but  now  the  particles  are  constrained  to  travel  in  orbits  which  force  all  velocities 
at  each  particular  position  in  space  to  be  alike,  leading  thereby  to  coherent  emission. 
For  a  charged  particle  traversing  a  magnetoplasma  this  velocity  correlation  comes 
from  the  fact  that  all  the  particles  originate  from  approximately  the  same  region  of 
space  and  then  are  constrained  to  flow  along  the  path  of  a  helix.  However,  as  the  beam 
length  increases,  these  correlations  tend  to  average.  If  the  beam  were  to  remain  con¬ 
tinuous  and  become  very  long,  the  resulting  interference  would  reduce  the  coherency 
to  zero.  The  beam  must  therefore  be  broken  into  segments  of  the  proper  length  and 
spacing.  This  leads  to  the  second  criterion  for  coherent  spontaneous  emission,  namely 
beam  modulation  and  beam  fronts. 

In  stimulated  emission  the  beam  in  the  presense  of  the  background  plasma  be¬ 
comes  unstable  with  respect  to  wave  growth.  As  opposed  to  spontaneous  emission, 
emissions  are  here  stimulated  by  the  presense  of  the  wave  itself.  Since  the  probability 
of  emission  is  proportional  to  the  wave  strength,  the  growth  rate  (in  either  time  or 
space)  is  exponential. 

Since  stimulated  emission  is  not  dependent  on  beam  f:  t  s,  and  hence  on  modula¬ 
tion,  most  work  on  pulsed  beams  has  concentrated  on  coherent  spontaneous  emission, 
since  the  associated  coherency  gives  rise  to  the  required  signal  strength,  and  the  pulsed 
character  of  the  beam  satisfies  its  unifiue  requirement  for  the  presense  of  fronts. 


2.3.2.  Coherent  Spontaneous  Emission 

a.  Radiation  from  beain.'i  with  a  finite  pulse  train 

Marker  and  Bmiks  [1984a]  studied  the  radiation  from  a  finite  pulse  train  electron 
beam.  The  radiation  from  a  single  particle  traveling  through  free  space  permeated 
by  a  magnetic  field  was  considered  first  by  these  authors.  This  wcis  later  generalized 
to  the  multiple  pulse  case.  Finally  the  complete  theoretical  treatment  to  describe  the 
radiation  field  of  a  finite  pulse  train  of  electrons  traveling  through  a  space  plasma 
was  presented.  In  order  to  simplify  the  theory,  the  beam  length  was  assumed  to  be 
unbounded,  i.e.  it  was  assumed  to  extend  from  z=-oo  to  oo.  Detailed  numerical  stud¬ 
ies  were  made  of  the  radiation  from  the  lower  hybrid  to  electron  cyclotron  frequency. 
Beam  voltages  considered  were  lOOV,  1  KeV,  and  10  KeV,  while  the  beam  current 
and  pitch  angle  were  taken  as  100  my\  and  30°,  respectively.  The  1  KeV  beam  voltage 
was  chosen  to  simulate  the  FPEG  electron  gun  used  in  the  STS-3  Space  Shuttle  flight. 
The  theory  showed  that  the  power  radiated  per  unit  solid  angle  per  pulse  typically 
lies  in  the  vicinity  of  the  free  space  value  of  ImW/sr.  There  is  a  great  variation  with 
angle  and  frequency,  and  for  certain  angles  and  frequencies  it  is  not  uncommon  to  find 
radiated  powers  per  unit  solid  angle  of  the  order  of  1  W/sr.  In  addition,  singularities 
in  the  power  distribution  functions,  up  to  three  in  number,  were  observed  to  occur;  it 
was  re^'ornmended  that  the  conditions  corresponding  to  these  singular  points  should 
be  studied  in  experiments,  since  they  have  the  likeliest  probability  of  detection. 

This  study  showed  that  the  successful  use  of  electron  beams  as  radiators  and 
antennas  relies  on  their  use  at  selected  frequencies,  observation  angles,  beam  duty 
cycles,  beam  modulation  fre(iuencies,  and  pitch  angles. 

b.  Radiation  from  long  pulse  train  beams 

Recent  experiments  have  reported  the  emission  of  electromagnetic  radiation  at 
the  modulation  frequency  of  the  electron  beam  when  that  frequency  was  in  the  VLF 
range.  In  experiments  on  S''rS-3  [Neupert  et  ai,  1982;  Banks  et  al.,  1983,  1984; 
Shawhan  rt  «/.,  1984]  modulation  of  the  beam  at  3.1  and  4.8  kHz  produced  emissions 
at  these  frequencies  and  also  at  their  harmonics  up  to  the  maximum  observation 


frequency  of  30  kHz.  Pulse  trains  typically  contained  32,768  pulses.  Experiments  with 
modulated  beams  were  also  carried  out  on  the  SEPAC  experiment  on  board  Spacelab- 
1  in  November  and  December  1983  [Obayashi  et  ai,  1982;  Taylor  and  Obayashi,  1984]. 

Harker  and  Banks  [1985]  next  extended  their  theory  to  cover  these  latest  exper¬ 
iments.  First,  because  of  the  relatively  large  number  of  pulses,  they  extended  their 
theory  to  cover  infinite  pulse  trains.  Second,  because  most  of  the  observations  have 
been  at  frequencies  in  the  range  1-30  kHz,  they  extended  their  numerical  results  to 
cover  the  region  below  the  lower  hybrid  frequency.  Third,  they  made  the  more  real¬ 
istic  assumption  that  the  beam  extends  only  from  r  =  0  (the  gun  position)  outward, 
instead  of  from  -oo  to  -f-oo.  Finally,  they  introduced  the  assumption  that  the  ability 
of  the  beam  to  radiate,  for  whatever  reason,  falls  off  exponentially  with  distance.  The 
e-folding  distance  for  this  fall-off  is  a  parameter  which  must  be  determined  from  more 
detailed  theories  or  from  experiments.  They  first  derived  general  results,  and  then 
used  these  to  specialize  the  theory  to  two  cases,  the  long  and  short  beam,  in  order  to 
gain  as  much  simplification  as  possible. 

Calculations  to  determine  the  radiated  power  beised  on  the  theory  were  carried 
out  for  a  range  of  parameters.  One  sets  of  computations  was  made  for  a  voltage  of 
lOOOV,  a  current  of  100  mA  and  a  pitch  angle  of  30°  for  comparison  with  the  results 
of  the  STS-3  mission  with  the  FPEG.  Another  set  of  computations  were  made  for  a 
voltage  of  7500V,  a  current  of  1.6A,  and  a  pitch  angle  of  45°.  In  all  cases  results  were 
presented  for  Cerenkov  and  normal  and  anomalous  cyclotron  radiation. 

In  their  theory  for  finite  pulse  train  beams,  after  carrying  out  the  mathematical 
simplification  for  the  radiated  power  resulting  from  contour  integrations,  they  were 
generally  left  with  two  integration  variables.  When  the  beam  is  infinitely  long,  an 
additional  restraint  is  imposed  in  the  form  of  the  wave-particle  interaction  condition, 
which  reduces  the  number  of  integration  variables  to  one.  This  was  the  case  discussed 
in  the  finite  pulse  train  paper,  where  the  power  distribution  function  was  chosen 
successively  to  be  a  function  of  the  frequency,  propagation  angle,  and  ray  vector 
angle. 

In  the  present  case,  the  beam  is  an  unbounded  pulse  train.  This  introduces  a 


new  restraint,  namely  that  the  frequency  is  an  integral  multiple  of  the  modulation 
frequency,  which  again  reduces  the  number  of  integration  variables  to  one.  When  the 
beam  is  long,  the  wave-particle  condition  is  again  imposed,  reducing  the  number  of 
integrations  variables  to  zero,  and  yielding  a  single  angle  for  each  modulation  fre¬ 
quency.  I'his  is  another  way  of  saying  that  all  of  the  power  has  been  concentrated 
into  radiation  at  a  single  polar  angle,  i.e.  within  those  angles  lying  on  a  thin  con¬ 
ical  surface.  Of  course,  this  angle  still  varies  with  the  system  parameters,  such  as 
frequency  and  pitch  angle. 

Other  authors  have  also  discussed  radiation  from  pulsed  electron  beams  for  the 
special  case  where  the  beam  is  modulated  in  a  spatially  sinusoidal  manner  and  is  in 
parallel  flow  along  the  magnetic  field  axis,  giving  rise  thereby  to  Cerenkov  radiation. 
Lavergnat  and  Lehner  [1984]  calculated  the  total  power  radiated  by  a  beam  extending 
from  2  =  0  to  e  =  vt,  while  Ohnuki  and  Adachi  [1984]  calculated  the  far-held  in 
cylindrical  coordinates  emitted  by  an  inhnitely  long  beam.  More  recently,  Lavergnat 
et  al.  [1984]  have  reported  results  for  radiation  from  a  sinusoidally  modulated  beam 
ejected  at  an  angle  to  the  magnetic  held. 

c.  Near  fields  in  the  vicinity  of  pulsed  electron  beams  in  space 

One  shortcoming  of  the  above  work  was  that  it  was  valid  for  the  far  held  only. 
This  means  that  if  the  beam  has  a  length  /,  then  the  theory  is  only  valid  for  distances 
from  the  beam  greater  than  a  factor  of  thre<!  of  more  times  1.  Since  most  of  the 
measurements  on  electron  beams  in  space  have  been  taken  within  10  m  or  so  of  the 
electron  beam  generator,  it  is  clear  that  further  work  was  needed  to  be  done  on  the 
near  helds  generated  in  the  vicinity  of  pulsed  electron  beams. 

In  order  to  remedy  this  situation,  Ifarker  and  Banks  [1984b, 1986]  studied  the  near 
fields  generated  by  a  pulsed  electron  beam.  Their  model,  as  in  our  previous  studies, 
assumes  that  the  electrons  follow  an  idealized  helical  path  through  the  space  plasma. 
The  total  radiation  is  obtained,  again  as  above,  by  adding  coherently  the  radiation 
from  each  individual  electron  in  the  helix,  leading  thereby  to  coherent  spontaneous 
emission.  The  mathematical  technique  used  consists  of  taking  the  Fourier  transforms 
in  space  and  time  of  Maxwell’s  equations,  including  the  modulated  beam  current 


terms  which  act  as  the  driving  mechanism  for  the  interaction.  The  solution  is  then 
obtained  by  taking  the  inverse  transforms  to  obtain  the  electric  field  as  a  function  of 
the  spatial  coordinates.  An  important  feature  of  the  theory  is  the  retention  of  evanes¬ 
cent  waves  in  addition  to  the  propagating  waves  used  in  the  far  field  theory.  This 
gives  rise  to  contributions  to  the  field  strengths  in  frequency  stop  bands  of  far  field 
theory.  Field  strengths  calculated  by  the  theory  were  calculated  for  a  representative 
set  of  values  of  ionospheric  parameters  and  electron  beam  current,  voltage,  and  pitch 
angle  and  for  a  range  of  modulation  frequencies  extending  from  the  ion  to  the  electron 
cyclotron  frequency.  These  predictions  were  found  to  be  in  essential  agreement  with 
the  most  recently  available  experimental  data. 

2.4.  Recommendations  for  Further  Work 
2.4- 1-  Theoretical  Work 

There  are  four  basic  theoretical  areas  dissociated  with  electron  beam  induced  iono¬ 
spheric  modification:  beam  launching  and  propagation,  impact  ionization  processes, 
electromagnetic  scattering  and  stimulation,  and  enhancement  decay.  All  of  these, 
either  as  part  of  this  or  earlier  studies,  have  undergone  at  least  preliminary  evalua¬ 
tions.  We  would  make  the  recommendation  that  at  least  two  of  these  areas  be  pursued 
further  in  greater  detail. 

Beam  Launching  and  Propagation.  Conditions  for  proper  beam  launching  and 
propagation  continue  to  be  an  area  of  active  theoretical  and  experimental  interest  in 
general.  Conditions  to  achieve  the  launch  of  a  well  defined  energy  electron  beam  are 
not  completely  known,  in  particular  for  high  current  beam  sources.  We  recommend 
that  these  issues  be  studied  and  organized  in  such  a  way  that  they  could  be  properly 
tested  on  future  electron  beam  experiments. 

Electromagnetic  Scattering  and  Stimulation.  RF  scattering  and  optical  stimu¬ 
lation  are  the  two  most  obvious  ways  of  remotely  detecting  electron  beam  induced 
ionospheric  enhancements.  Optical  observation  techniques  have  been  utilized  exten¬ 
sively  for  many  years  now.  This  is  not  the  situation  for  electromagnetic  scattering. 
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There  are  a  variety  of  possible  electromagnetic  scattering  mechanisms  affecting  both 
forward  and  back  scatter.  These  include  Bragg  scattering  from  an  artificially  gener¬ 
ated  spatial  structure  (picket  fence),  acoustic  wave  scatter  from  instabilities  generated 
by  gradients  within  the  enhancement  regions  or  by  current  diffusion  parallel  to  B,  pos¬ 
sibly  scintillation  effects,  and  finally  simple  incoherent  scatter  mechanisms. 

We  therefore  recommend  that  detailed  calculations  be  made  on  the  possible  scat¬ 
tering  mechanisms  discussed  above  based  on  electromagnetic  and  plasma  theory.  Ex¬ 
isting  theory  covering  plasma  columns  should  be  of  help  in  much  of  this,  but  the 
multiple  column  and  resonance  enhanced  scattering  cases  will  undoubtedly  require 
new  theory. 

2.4-S.  Experimental  Work 

An  upcoming  high  power  electron  beam  rocket  experiment,  called  CHARGE-3,  to 
be  flown  in  November  1988  at  White  Sands  Missile  Range  (WSMR),  represents  a  for¬ 
tuitous  opportunity  to  investigate  ionospheric  modification  using  existing  resources. 
We  therefore  make  the  recommendation  that  a  limited  campaign  he  undertaken  to 
prepare  and  conduct  remote  radar  and  optical  observations  as  part  of  the  CHARGE- 
3  mission.  The  purpose  of  this  effort  would  specifically  be  to  detect  the  presence  of 
electron  beam  generated  ionospheric  modification  and  of  increasing  the  knowledge 
base  for  beam  propagation  physics  plus  the  dynamics  of  the  modified  region.  There 
are  several  reasons  why  we  believe  this  is  appropriate  to  consider  at  this  time: 

(1)  It  would  be  an  efficient  use  of  existing  hardware  on  an  existing  mission  to  give 
information  of  the  important  processes  a.ssociated  with  electron  beam  ionospheric 
modification.  By  taking  advantage  of  the  CHARGE-3  mission  to  detect  the  presence 
of  beam  generated  ionospheric  enhancements,  we  substantially  reduce  the  cost  and 
turn-around  time  that  otherwise  would  be  required  for  a  separate  effort.  Note  that 
AFGL  is  already  contributing  to  the  funding  of  CHARGE-3. 

(2)  CHARGE-3  will  have  the  first  low  energy  electron  beam  source  of  significant 
power  (10-15  kW)  to  be  flown  on  a  spacecraft  since  the  electron  beam  modification 
concepts  first  outlined  by  Banks  and  Gilchrist  [1985].  The  10-15  kW  power  of  the 
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CHARGE-3  gun  should  allow  for  peak  ionization  levels  approaching  10®  cm”^,  some 
two  orders  of  magnitude  over  expected  background  ionization  levels  in  the  night¬ 
time  E-region.  Earlier  attempts,  during  1985  (Spacelab-2  and  CHARGE-2),  used  low 
power  (<  100  W)  beam  sources  to  attempt  detection  of  ionospheric  modification.  Nei¬ 
ther  effort  was  able  to  conclusively  observe  an  effect,  although  it  had  been  calculated 
that  the  CHARGE-2  flight,  under  the  proper  conditions,  had  a  good  probability  of 
success.  Unfortunately,  the  beam  source  on  CHARGE-2  failed  to  achieve  its  intended 
power  levels  nor  was  all  of  the  proper  ground  equipment  available  for  the  flight. 

(3)  Much  of  the  computer  programming  and  logistics  planning  for  CHARGE- 
2  can  be  directly  utilized  in  the  CHARGE-3  mission,  which  will  help  the  mission 
and  logistics  planning  efforts  for  the  latter  mission.  The  computer  software  now 
available  includes  several  programs  to  select  both  optical  and  radar  ground  sites. 
Having  conducted  observations  as  part  of  CHARGE-2,  we  are  now  familiar  with  the 
resources  available  at  WSMR  and  the  geography  of  southwest  Texas  where  ground 
radar  facilities  are  most  likely  to  be  placed. 

Finally,  (4),  the  CHARGES  mission  is  still  sufficiently  in  the  future  that  anal¬ 
ysis  efforts  conducted  as  outlined  above  for  theoretical  work  should  be  available  to 
contribute  to  CHARGE-3  remote  observations  efforts. 

2.5.  Summary 

2.5.1.  Artificial  Auroral  Ionization 

Important  ionization  enhancement  effects  in  the  E  and  lower  F  regions,  such  as 
the  creation  of  artificial  aurora  and  picket  fence  type  ionization  structures,  appear 
possible  using  low  energy  electron  beams  (1-10  keV).  These  structures  are  predicted  to 
persist  over  a  period  of  minutes.  The  1  to  10  keV  range  of  beam  energy  is  necessary  to 
produce  the  principal  (peak)  ionization  enhancement  in  this  altitude  regime  and  offers 
the  advantage  of  longer  persistence  when  compared  to  lower  altitudes  penetrated  by 
higher  energy  beams  because  of  slower  recombination  or  diffusion  rates.  The  principal 
area  of  concern  for  this  energy  level  of  electron  beam  is  in  establishing  conditions  for 
which  the  beam  will  propagate,  overextended  distances,  as  a  narrow  (focused)  column 
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structure. 

It  should  be  possible  to  use  the  created  ionization  structures  a.s  scatterers  of 
electromagnetic  waves.  This  process  could  therefore  be  used  to  remotely  probe  these 
altitude  regions  for  a  variety  of  scientific  purposes,  cis  a  reflection  site  for  HF  over-the- 
horizon  ground  based  radar,  or  possibly  for  communication  purposes  by  scattering 
back  to  the  ground  signals  which  would  otherwise  be  lost  through  the  ionosphere.  It 
should  further  be  possible  to  enhance  these  scattering  effects  at  specific  frequencies 
by  resonance  scattering  phenomena  long  known  in  plasma  physics. 

2.5.2.  Generation  of  Electromagnetic  Waves. 

Pulsed  electron  beams  can  be  used  to  generate  electromagnetic  waves  by  the  pro¬ 
cess  of  coherent  spontaneous  emission,  among  others.  We  should,  therefore,  be  able 
to  use  the  electron  beam  as  a  non-wire  antenna  for  the  generation  of  electromagnetic 
waves  for  communication  purposes,  for  example.  The  long  length  of  such  an  antenna 
can  only  be  rivaled  by  a  device  such  as  the  electrodynamic  tether.  Since  the  radiation 
resistance  varies  as  the  square  of  antenna  length,  and  since  this  type  of  antenna  has 
no  metallic  ohmic  losses,  electron  beam  antennas  should  be  increasingly  useful  at 
lower  frequencies. 
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3.  MODERATELY  ENERGETIC  ELECTRON  BEAMS 


By  this  we  mean  beams  of  electrons  with  energies  in  the  range  10-500  keV.  The 
upper  limit  of  this  range  corresponds  roughly  to  the  electron  rest  mass,  so  it  is  a 
transition  value  above  which  relativistic  effects  are  important. 

3.1.  Previous  Space  Experiments 

Table  1  on  page  93  contains  a  list  of  the  space  experiments  performed  during  the 
past  decade  (during  or  after  1975)  with  artificial  electron  beams  at  energies  of  10 
keV  or  more.  The  highest  energy  reported  was  40  keV;  we  have  found  no  published 
accounts  of  any  work  at  higher  energies.  The  successive  rows  of  the  table  refer  to 
the  different  experiments,  in  chronological  order.  The  successive  columns  contain; 
(1)  the  title  of  the  experiment;  (2)  the  date  on  which  it  was  performed  (or  dates,  if 
the  experiment  involved  more  than  one  rocket);  (3)  the  range  of  altitude  over  which 
the  electron  beam  was  emitted,  or  the  apogee  altitude  if  this  range  is  not  given  in 
the  published  literature;  (4)  the  energy  of  the  electron  beam  (in  some  experiments 
more  than  one  energy  was  used,  or  the  energy  wets  varied  continuously  over  a  certain 
range);  (5)  beam  current  (often  the  beam  was  pulsed  or  otherwise  modulated,  and 
the  figure  quoted  is  the  peak  current).  This  list  is  not  guaranteed  complete,  but  it 
is  certainly  representative.  Lists  of  the  space  electron  beam  experiments  in  the  years 
preceding  1975  may  be  found  in  two  review  papers  by  Winckler  [1980,  1982]. 

In  all  of  these  experiments  the  vehicle  was  a  rocket.  Though  electron  beam 
experiments  have  also  been  performed  on  satellites  and  on  the  Space  Shuttle,  the 
beam  energies  have  so  far  always  been  less  than  10  keV. 

In  none  of  these  experiments  was  modification  of  the  ionosphere  a  prime  scientific 
objective,  but  in  some  of  them  it  was  a  means  to  other  ends.  Thus,  for  instance, 
in  the  Franco-Soviet  ‘Araks’  experiments  [Cambou,  1980],  the  rockets  were  launched 
from  the  Kerguelen  Islands  in  the  southern  hemisphere,  and  the  ionization  produced 
by  the  beam  in  the  lower  ionosphere  at  the  magnetically  conjugate  point  in  the 
northern  hemisphere  Wcis  the  basis  for  localization  of  this  point  by  radar  [Pyatsi  and 


Zarnitsky,  1980  Uspensky  et  al.,  1980].  Others,  such  as  the  Norwegian  ‘Polar  5’ 
[Grandal,  1982]  and  'Electron  2’  experiments  [Jacobsen  et  ai,  1981],  were  designed  to 
study  ionospheric  perturbations  produced  involuntarily,  as  results  of  a  beam-plasma 
discharge  (BPD)  excited  by  an  electron  beam  emitted  from  a  rocket.  In  contrast,  the 
original  objectives  of  the  University  of  Minnesota  'Echo'  series  of  experiments  were 
to  use  electron  beams  for  investigating  beam-plasma  interactions  and  for  probing 
the  distant  magnetosphere  [\Vincklej\  1980,  1982;  Winckler  et  ai,  1984];  for  these 
purposes,  the  perturbations  of  the  ambient  plasma  and  accompcinying  perturbations 
of  the  electron  beam  itself  were  of  nuisance  value  only. 

Thus  very  few  of  the  previous  space  experiments  with  electron  beams  at  energies 
of  10  keV  or  higher  were  performed  with  the  deliberate  intention  of  modifying  the 
ionosphere,  but  nevertheless  the  data  that  they  have  yielded  are  useful  when  studying 
the  possibilities  for  doing  so.  In  this  respect,  of  course,  the  energy  of  10  keV  has  no 
special  physical  significance,  and  data  from  experiments  at  lower  energies  are  helpful 
as  well. 


3.2.  Electron  Beam  Sources 

Winckler  [1982]  has  briefly  surveyed  progress  up  to  1980  in  the  development  of 
electron  beam  sources  for  use  in  space  experiments.  This  effort  drew  on  a  knowledge 
base  from  the  development  of  powerful  electron  guns  for  industrial  applications,  as 
in  x-ray  tubes,  or  in  klystrons  and  other  types  of  radio-frequency  (RF)  vacuum  tube, 
or  for  welding  metals  under  vacuum.  In  its  simplest  form,  of  which  the  Pierce  (1954) 
design  is  the  post-war  prototype,  an  ele^'tron  gun  comprises  a  hot  cathode  that  emits 
(  k'ctrotis,  and  a  set  of  s>iitably  biar^ed  electrodes  creating  strong  electric  fields  to  ac¬ 
celerate.  focus,  and  possibly  df'flect  them.  Other  electrodes  may  be  used  to  modulate 
the  beam,  and  magnetic  fields  may  also  be  used  for  focusing  and  deflection.  All  the 
electron  guns  so  far  used  in  space  have  been  of  this  variety;  the  highest  energy  used 
was  about  40  keV,  as  mentioned  earlier.  In  the  laboratory,  electron  guns  have  been 
built  for  energies  up  to  several  MeV;  higher  energies  require  induction  accelerators 


such  as  betatrons,  or  RF  accelerators  such  as  synchrotrons  or  linacs.  In  space,  be¬ 
cause  of  the  greater  difficulty  of  preventing  flash-over,  the  upper  limit  of  the  energy 
obtainable  from  straightforward  electron  guns  is  probably  smaller,  but  no  basis  exists 
for  giving  a  precise  figure. 

3.3.  Ionospheric  Effects  of  Electron  Beams 

3.3.1.  Classification 

Our  mandate  is  to  examine  the  perspectives  for  using  electron  beams  to  achieve 
ionospheric  modification,  which  we  take  in  a  broad  sense  to  mean  effects  making 
appreciable  changes  in  the  properties  of  the  ionospheric  plasma.  Other  accompanying 
effects,  such  as  charging  of  the  vehicle,  changes  in  the  properties  of  the  beam,  and 
generation  of  waves  in  the  plasma,  are  of  interest  here  only  insofar  as  they  relate  to 
this  main  theme. 

For  presentation,  we  may  classify  the  relevant  ionospheric  effects  into  those  in¬ 
volving  direct  interaction  of  the  beam  with  the  ambient  plasma  alone  (beam-plasma 
instability),  those  involving  interaction  of  the  beam  with  the  neutral  gas  through 
the  intermediary  of  the  plasma  (beam-plasma  discharge),  and  those  involving  direct 
interaction  Ix'twcen  the  beam  and  the  neutral  gas  (collisional  ionization). 

3.3.2.  Bmm-plasma  instahilitrj 

In  theory,  a  mono-energetic  electron  beam  traveling  through  a  fully  ionized  ther¬ 
mal  plasma  becomes  unstable  as  soon  as  the  velocity  of  the  beam  exceeds  the  charac¬ 
teristic  thermal  velocity  of  the  plasma  electrons.  The  unstable  waves  are  electrostatic 
in  nature,  or  alternatively,  when  a  magnetic  field  is  present,  they  may  be  electromag¬ 
netic  waves  in  their  (juasia'Ieet rostatic  limit. 

Thesf'  statements  refer  to  cases  wtiere  the  electron  densities  of  the  beam  and  of 
the  plasma  are  romparaf)le;  in  addition,  they  imply  a  beam  much  wider  than  all  of 
the  microscopic  plasma  scale  lengths,  and  also  much  wider  than  the  wavelengths  of 
the  unstable  plasma  waves.  However,  a  beam  from  an  electron  gun  on  a  spacecraft  is 


unlikely  to  satisfy  the  latter  inequality.  Generally  speaking,  narrow  beams  are  more 
stable  than  wide  ones,  because  the  unstable  waves  may  propagate  out  of  the  beam 
before  they  have  been  able  to  grow  very  much  [Jones  and  Kellogg,  1973]. 

When  an  electron  gun  is  operated  on  a  spacecraft,  plasma  waves  may  be  excited 
not  only  by  the  outgoing  electron  beam,  but  also  by  the  return  current  of  thermal 
electrons  from  the  ambient  p!a.sma.  Their  motion  relative  to  the  ions  in  the  plasma 
can  excite  both  ion  acoustic  waves  and  ion  cyclotron  waves.  Under  most  conditions 
prevailing  in  the  ionosphere,  the  ion  cyclotron  waves  are  the  more  unstable,  i.e.,  the 
threshold  current  density  required  to  excite  them  is  less  than  it  is  for  ion  acoustic 
waves  [Kindcl  and  Kennel,  1971].  In  the  collisional  bottomside  ionosphere,  electron 
collisions  help  to  destabilize  ion  cyclotron  waves,  contrary  to  what  one  might  expect 
[Satyanarayana  et  ai,  1985]. 

Since  the  beam  and  the  return  current  are  both  constrained  to  follow  the  magnetic 
field  lines,  in  most  previous  experiments  they  occupied  overlapping  regions  of  space, 
so  their  respective  effects  were  liable  to  interact  with  one  another.  This  difficulty  can 
be  overcome  in  experiments  in  which  two  separate  payloads  are  connected  together 
electrically  by  a  ‘tether’  in  the  form  of  a  conducting  wire  coated  with  an  insulating 
material.  Several  rocket  experiments  with  tethered  sub-payloads  have  already  been 
performed  [Sasaki  et  ai,  1986a],  and  extensive  plans  have  been  made  for  similar 
experiments  on  the  Space  Shuttle  [Banks  et  ai,  1981]. 

Beside.s  the  experiments  in  space,  many  laboratory  experiments  on  beam-plasma 
instability  have  been  performed.  In  a  very  significant  recent  experiment  by  Okuda 
ft  al.  [1985],  an  electron  beam  was  injected  into  a  magnetized  plasma,  along  the 
direction  of  the  magnetic  field,  with  a  velocity  about  10  times  the  thermal  velocity 
i>f  the  pla-sma  electrons.  The  electron  concentration  in  the  beam  was  about  10%  of 
that  in  the  plasma,  and  a  strong  beam-plasma  instability  developed.  The  resulting 
nonlinear  electron  plasma  waves  reacted  back  on  the  electron  population,  accelerating 
apprecial)le  amounts  of  beam  and  plasma  electrons  to  velocities  well  above  the  initial 
l)eam  velocity.  With  increasing  distance  along  the  beam,  the  parallel  electron  velocity 
distribution  evolved  rapidly  into  a  smooth  one  extending  from  zero  up  to  1.5  -2  times 


the  initial  beam  velocity.  Over  this  entire  range  it  had  a  negative  slope,  which  meant 
that  the  beam  had  become  stable.  These  phenomena  were  reproduced  subsequently 
in  numerical  simulations,  which  showed  that  trapping  of  the  electrons  by  the  waves 
played  an  important  role  in  the  nonlinear  development  of  the  beam-plasma  instability 
[Okuda  et  «/.,  1987].  One  reason  why  these  particular  experiments  were  .so  successful 
is  that  the  initial  beam  velocity  was  not  excessively  large  compared  with  the  thermal 
velocity,  so  the  electron  distribution  function  was  able  to  evolve  to  its  final  stable 
form  within  the  dimensions  of  the  apparatus. 

Contrariwise,  most  space  experiments  have  involved  initial  beam  velocities  several 
orders  of  magnitude  greater  than  thermal  velocity,  and  plasniiis  much  less  dense  than 
those  commonly  used  in  laboratory  experiments.  In  these  circumstances,  the  beam- 
plasma  instability  and  its  accompanying  phenomena  evolve  over  very  much  greater 


distances,  though  their  natures  are  almost  certaiidy  the  san.e.  ’n  particular,  the 
evolution  to  a  stable  velocity  distribution,  as  observed  in  the  laboratory,  may  help  to 
explain  how  electron  beams  are  able  to  travel  over  long  distances  in  space  without 
losing  all  their  energy  to  unstable  waves  and  being  brought  to  a  J)alt. 

Ob.servations  made  in  the  ionospheric  plasma  near  to  an  artificial  electron  beam 
have  revealed  a  wide  variety  of  electrostatic  and  electromagnetic  plasma  waves  cre¬ 
ated  by  beam-plasma  instabilities  (BPI),  extending  in  fre([uency  from  a  few  kilohertz 
to  well  above  the  local  plasma  frequency,  and  including  lower-hybrid  and  whistler¬ 
mode  waves,  electron  cyclotron  harmonics,  and  plasma  frequency  and  upper-hybrid 
emissions.  Absorption  of  these  waves  can  cause  appreciable  heating  of  the  plasma 
electrons,  up  to  energies  of  several  electron-volts,  nnd  out  to  distances  of  more  than  a 
hundred  metres  from  the  beam  [Winckler  et  al.,  1986];  close  to  the  beam,  electrons  of 
higher  energies  are  ob.served,  but  here,  of  course,  it  is  difficult  to  distinguish  heated 


])bisina  electrons  Iroin  bc'am  electrons  that  have  bei'ii  degraded  in  energy  and  have 
diffused  outwards  troni  the  beam  under  the  influence  of  the  strongly  nonlinear  plasma 
waves.  This  |)lasma  heating  is  the  princi()al  ionospheric  modification  caused  by  arli- 
firial  energetic  (’lectron  beams  at  altitudes  above  about  200  km,  where  interactions 
with  the  neutral  atmospheric  gas  are  negligible. 
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S.3.S.  Beam-plasma  discharge 


At  lower  altitudes,  beam-plasma  interactions  modify  the  ionosphere  to  a  much 
greater  extent,  because  the  energetic  electrons  in  and  around  the  beam  collide  with 
the  atoms  and  molecules  of  the  neutral  atmospheric  gases,  exciting  and  ionizing 
them.  The  resulting  increase  in  the  local  electron  concentration  generally  intensi¬ 
fies  the  beam-plasma  instabilities  that  are  supplying  the  energetic  electrons,  so  there 
is  positive  feedback  from  the  ionization  process  to  the  BPI.  If,  for  a  given  energy 
of  the  beam  electrons,  the  current  in  the  beam  is  increased  progressively,  the  rate 
of  production  of  ionization  increases  faster  than  the  current.  Then,  when  a  critical 
threshold  current  is  attained,  the  ionization  rate  jumps  discontinuously  to  a  higher 
level,  and  so  do  the  electron  concentration  and  the  luminous  emission  from  excited 
neutral  atoms.  This  is  the  onset  of  ‘beam-plasma  discharge’  (BPD),  a  phenomenon 
that  has  been  studied  extensively  both  in  space  and  in  the  laboratory.  The  laboratory 
experiments  have  included  pre-flight  tests  of  equipment  later  used  in  space  [Banks  et 
ai,  1982;  h'aioashirna.  1983];  these  particular  experiments  were  at  energies  below  10 
keV,  however.  In  at  least  one  space  experiment,  the  increase  in  ionospheric  electron 
concentration  due  to  BPD  was  sufficient  to  allow  the  cloud  of  dense  ionization  around 
the  beam  to  be  detected  by  radar  from  the  ground  [Cambou,  1975]. 

Both  the  laboratory  and  the  space  experiments  appear  to  confirm  theoretical 
predictions  that  the  critical  current  for  the  onset  of  BPD  is  directly  proportional  to  the 
3/2  power  of  the  energy  of  the  electrons  in  the  beam,  and  inversely  proportional  to  the 
neutral  gas  pressure  [Bernstein  el  a/.,  1979;  Ings0y  and  Friedrich,  1983;  Papadopoulos, 
1981]. 

d.S./f.  Colliswnal  ionization 

Even  in  the  ab.sence  (;f  BPI  or  BPD,  the  energetic  electrons  in  the  beam  can 
excite  anrl  ionize  neutral  gas  particles  by  colliding  with  them.  Obviously  the  most 
favorable  conditions  for  collisional  excitation  and  ionization  exist  when  the  beam 
descends  from  space  into  the  atmosphere,  encountering  neutral  gas  at  ever-increasing 
densities  as  its  altitude  decrea.ses.  These  conditions  were  created  by  the  very  first 


space  experiment  with  a  rocket-borne  electron  gun,  in  which  a  20  keV  0.5  A  beam  was 
directed  downwards,  and  produced  a  streak  of  artificial  auroral  light  in  the  altitude 
range  90-100  km  [f/ess  et  ai,  1971].  In  a  later  experiment  by  the  same  group,  a 
similar  beam  was  directed  upwards  and  the  auroral  light  streak  was  observed  at  the 
magnetically  conjugate  point  [Davis  et  al.,  1980].  A  few  years  later  again,  in  the  Araks 
experiments  at  a  higher  magnetic  latitude,  ionization  produced  at  the  conjugate  point 
was  observed  by  radar  [Pyatsi  and  Zarnitsky,  1980].  Rough  estimates  of  the  extent  of 
the  ionization  ‘sheets’  produced  during  the  experiments  give  2°  of  longitude  (rocket 
motion  in  East- West  direction)  and  0.5°  of  latitude  (rocket  motion  in  North-South 
direction). 

For  the  purpose  of  producing  extra  ionization  in  the  D  region  (50-85  km)  and  E 
region  (85-140  km)  of  the  ionosphere,  electron  beams  in  the  energy  range  10-500  keV 
are  not  qualitatively  different  from  beams  with  lower  or  higher  energies.  Indeed  there 
is  some  quantitative  equivalence,  because  the  energy  required  to  produce  an  electron- 
ion  pair  is  approximately  35  eV,  regardless  of  the  energy  of  the  beam  electrons  so 
long  as  this  exceeds  500  eV  or  so  [Banks  and  Kockarts,  1973].  Hence,  at  the  energies 
that  we  are  concerned  with  here,  the  total  rate  of  production  of  electron-ion  pairs  is 
directly  proportional,  by  a  constant  factor  independent  of  energy,  to  the  total  power 
of  the  electron  beam. 

However,  changing  the  energy  of  the  beam,  or  its  angle  with  respect  to  the  mag¬ 
netic  field  (‘pitch  angle’),  does  change  the  way  in  which  the  rate  of  production  varies 
with  altitude.  Electron  beams  with  higher  energies  or  smaller  pitch  angles  penetrate 
to  lower  altitudes,  and  create  a  greater  proportion  of  their  ionization  at  these  al¬ 
titudes.  Graphs  of  ionization  production  versus  altitude,  for  downcoming  electrons 
with  energies  up  to  300  keV,  have  been  given  by  Banks  and  Kockarts  [1973];  at  zero 
pitch  angle,  the  altitude  of  maximum  production  varies  from  105  km  at  10  keV  to  70 
km  at  300  keV. 


3.4.  Possible  Future  Experiments 


Recapitulating,  ehxtron  beams  in  the  energy  range  10-500  keV  can  modify  the 
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ionosphere  by  heating  the  plasma  or  by  producing  new  ionization.  Heating  can  occur 
at  all  altitudes  as  the  result  of  bearn-^plasma  instability,  if  the  conditions  for  the  latter 
are  met.  'Che  production  of  new  ionization,  however,  requires  an  adequate  neutral 
gas  pressure,  which  is  found  only  below  aboui  200  km.  Around  the  beam  near  to  its 
source,  both  plasma  heating  and  the  production  of  new  ionization  are  favored  by  the 
occurrence  of  beam-plasma  discharge,  again  if  the  appropriate  conditions  are  met. 
Under  the  influence  of  BPI,  with  or  without  BPD,  the  velocity  distribution  of  the 
beam  evolves  towards  a  stable  form.  Whether  this  form  is  attained  or  not,  the  beam 
electrons  can  still  collide  with  the  neutral  particles  and  produce  appreciable  amounts 
of  new  ionization  in  the  El  region,  and  ■  -•en  down  into  the  D  region  if  their  energy  is 
sufficient. 

Much  space  and  laboratory  experimentation  has  already  been  done  on  these  top¬ 
ics,  so  original  experiments  on  them  are  hard  to  suggest.  Despite  all  previous  work, 
however,  the  ionospheric  modifications  accompanying  BPI  and  BPD  are  still  imper¬ 
fectly  understood.  In  space  experimentation,  at  least  two  factors  have  contributed 
to  this  state  of  affairs:  one  is  that  most  experiments  have  been  performed  at  beam 
energies  above  1  keV,  where  the  spatial  scales  of  such  phenomena  as  the  evolution  of 
the  beam  velocity  distribution  are  so  large  that  they  are  hard  to  explore  effectively  in 
a  single  experiment;  the  other  is  that  the  beam  current  and  the  return  current  flowed 
in  the  same  region  of  space.  It  would  seem,  therefore,  that  there  is  still  scope  for 
significant  experiments  at  much  lower  beam  energies,  from  a  few  eV  upwards,  using  a 
remote  tethered  sub-payload  to  collect  the  return  current;  an  alternative  to  the  latter 
would  be  to  eject,  into  a  different  region  of  space,  a  positive  ion  beam  carrying  a 
current  equal  and  opposite  to  that  of  the  electron  beam. 

Electron  beams  in  the  energy  range  10-500  keV  can  be  used  for  experiments 
involving  the  creation  of  artificial  plasma  density  structures  capable  of  scattering 
waves  from  ground-based  radars,  as  proposed  by  Banks  and  Gilchrist  [1985], 


3.5.  Summary  of  Proposed  Experiments 


3.5.1.  Investigation  of  BPI  and  BPD 

Experiments  similar  to  those  performed  previously  in  space,  but  with  arrange¬ 
ments  made  to  spatially  separate  the  beam  from  the  return  current. 

3.5.2.  Artificial  Plasma  Density  Structures 

Creation  as  in  the  proposal  by  Banks  and  Gilchrist  [1985]. 
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4.  RELATIVISTIC  ELECTRON  BEAMS 


4.1.  Introduction 

Previous  experiments  with  electron  beams  in  space  have  been  limited  by  practical 
considerations  to  relatively  low  particle  energies:  To  the  best  of  our  knowledge  the 
maximum  electron  energy  yet  used  in  a  conventional  space  experiment  is  of  the  order 
of  40  keV.  The  motivation  for  the  present  study  has  come  from  a  realization  that  linac 
electron  accelerators  have  reached  a  state  of  technology  permitting  relatively  small 
units  to  be  mounted  in  payloads  suitable  for  research  rockets  and/or  the  Space  Shuttle. 
Thus,  it  is  now  worth  considering  the  full  range  of  consequences  of  using  such  a  beam 
for  a  variety  of  purposes,  including  the  creating  of  plasma  density  irregularities  in  the 
lower  ionosphere  and  the  probing  of  electrodynamic  regions  of  the  middle  atmosphere. 

In  the  following  sections  we  describe  the  possible  consequences  of  operating  a 
moderately  powerful  (~  5  MW),  relativistic  (~  5  MeV)  electron  accelerator  from  a 
satellite  or  rocket  platform.  In  such  an  experiment,  a  beam  of  relativistic  electrons 
fired  downwards  from  space  will  create,  by  means  of  electron  impact  ionization,  an 
ionized  column  whose  length  and  cross  sectional  area  will  be  set  by  electron  energy 
loss  and  scattering.  As  discussed  later,  owing  to  the  relatively  small  cross  section 
for  electron  interaction  with  matter  at  relativistic  energies,  a  single  pulse  from  such 
a  beam  will  penetrate  to  the  lower  mesosphere  and  upper  stratosphere,  creating  a 
dense  column  of  free  electrons  and  positive  ions.  At  high  altitudes  this  structure 
remains  relatively  static,  decaying  only  slowly  under  the  influence  of  recombination. 
.At  low  altitudes,  however,  the  electrons  are  rapidly  lost  via  attachment  reactions 
with  Oj  to  form  07-  While  the  column  is  composed  largely  of  free  electrons,  it 
can  scatter  electromagnetic  radiation  and,  surprisingly,  may  even  initiate  an  intense 
upward  traveling  electrical  discharge  similar  to  lightning. 

Before  passing  to  the  calculations  of  beam  interactions,  however,  it  is  informative 
to  compare  t  he  ionizing  effects  of  electrons  and  photons.  Clenerally  speaking,  electrons 
in  t  !i('  energy  range  1  to  0  MeV  have  applet  iably  smaller  interaction  cross  sections  with 
matter  than  tvisilv  tditainable  I'Jj\  pluylons  or  X-rays.  Kven  hard  X-rays,  for  which 
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there  are  cis  yet  no  convenient  space  payload  sources,  only  penetrate  to  the  altitude 
range  of  50  to  60  km.  Thus,  if  there  is  a  need  to  produce  appreciable  ionization  <is 
deep  as  the  upper  stratosphere,  relativistic  electrons  are  the  logical  choice. 

Another  factor  relates  to  the  net  energy  flux  carried  by  electron  beams.  Unlike 
high  energy  photon  sources,  which  have  a  generally  broad  beam  divergence  and  ac¬ 
companying  r~‘^  energy  diminuation  with  distance  from  the  source,  electron  beams 
are  constrained  to  remain  geometrically  confined,  varying  in  intensity  only  in  response 
to  changes  in  the  strength  of  the  magnetic  field  and  transverse  spreading  associated 
with  scattering  by  atmospheric  particles.  Thus,  it  can  be  expected  that  a  relativistic 
electron  beam,  if  injected  at  a  small  pitch  angle  with  respect  to  the  magnetic  field, 
will  remain  confined  until  it  has  lost  a  substantial  fraction  of  its  initial  kinetic  energy. 
Furthermore,  a  surprisingly  large  fraction  (~  20%)  of  the  initial  beam  energy  will  be 
expended  in  producing  atmospheric  ionization  along  the  path  of  the  beam. 

In  the  following  sections  we  describe  the  physical  processes  which  accompany  the 
firing  of  a  pulsed  relativistic  electron  beam  downwards  along  a  magnetic  field  line 
into  the  middle  atmosphere.  Consideration  is  given  to  the  resulting  altitude  profile  of 
ionization,  the  conversion  of  the  initial  atmospheric  positive  ions  and  free  electrons 
into  an  end  product  state  of  positive  ions,  electrons,  and  negative  ions,  and  the 
possibility  that  the  resulting  beam  column  of  ionization  may  lead  to  a  high  voltage 
breakdown  condition  mimicking,  to  some  extent,  natural  lightning. 

4.2.  Ionization  Column  Dynamics 

4.2.1.  Ionization  Production  Rates 

Consider  a  relativistic  electron  beam  of  current  I  composed  of  monoenergetic 
eU'ctrons  of  velocity  v  fired  parallel  to  the  local  magnetic  field.  We  assume  that  the 
beam  emerges  from  an  aperture  of  area  Ag  and  expands  slowly  with  distance  along 
the  magnetic  field  such  that  the  area  of  the  beam  is  Ar  at  a  distance  r  from  the 
source.  The  beam  current  is  assumed  to  be  pulsed  at  the  source  with  an  on  period 
of  /  seconds  each  pulsing  cycle.  As  the  beam  travels  downwards  along  the  magnetic 
field,  ionization  is  produced  through  electron  impact. 
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Following  the  treatment  of  Evans  [1955],  the  number  of  ionization  pairs  per  unit 
path  length  in  air  at  STP  produced  for  each  incident  electron  is  approximated  by  the 
ionization  formula 

dN  45  ion  pairs 

-J'-'in-  -  4.1) 

ds  air  —  cm 

where  s  is  measured  along  the  local  magnetic  field  and  P  =  Vjc  is  the  ratio  of 
particle  velocity  to  the  speed  of  light,  c.  Equations  of  greater  detail  also  exist  and 
are  extensively  discussed  in  Appendix  A. 

As  the  electron  beam  moves  downwards  into  the  atmosphere,  each  electron  of  the 
beam  will  gradually  lose  kinetic  energy  as  a  consequence  of  inelastic  collisions  with 
the  atmospheric  gases.  This  effect  is  shown  in  Figure  4.1,  and  is  based  on  Appendix 
A  equations.  The  figure  gives  the  average  energy  per  particle  of  the  incident  beam  as 
a  function  of  altitude.  For  altitudes  down  to  about  70  km  there  is  little  energy  loss. 
Below  this  point,  however,  the  exponentially  increasing  density  of  the  atmosphere, 
coupled  with  the  rise  of  energy  loss  rate  with  decreasing  electron  energy,  dictates  a 
progressively  greater  decrease  in  beam  particle  energy.  By  the  time  that  the  beam 
has  reached  40  km,  virtually  all  of  the  original  beam  energy  has  been  deposited  in 
the  atmosphere. 

Using  the  results  of  Appendix  A,  it  is  possible  to  compute  the  local  rate  of  energy 
loss  per  unit  distance  of  beam  travel  as  a  function  of  altitude.  The  typical  profile  of 
energy  deposition  is  shown  here  as  Figure  4.2.  The  inieresting  result  is  that  the  rate 
of  energy  deposition  is  generally  proportional  to  the  neutral  gas  concentration  and 
that  a  large  amount  of  energy  is  deposited  in  the  atmosphere  at  the  end  of  the  beam 
penetration.  This  arises  because  of  the  large  increase  in  beam  energy  loss  rate  at 
low  electron  energies.  The  consequence  is  that  there  can  be  a  substantial  increase  in 
local  electron  density  in  the  terminus  zone  of  beam  penetration,  d'his  general  effect 
is  discussed  in  more  detail  following  a  discussion  of  the  ('ffects  of  beam  scattering. 

For  a  beam  of  current,  I  ,  and  projected  area,  .4s-.  n(.>rmal  tcj  iIk'  magnetic  field, 
the  local  rate  of  production  of  electrons  and  ions  per  cm*  per  second,  p.  is  given  by 


,%  W'N. 


the  expression 
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where  n  is  the  neutral  gas  concentration  at  the  observation  point  and  no  is  the  con¬ 
centration  of  the  atmosphere  at  STP  (no  =  2.67  x  10^®  molecules  cm“^). 

Knowledge  of  the  area,  As,  of  the  beam  at  any  point  in  the  trajectory  is  an 
important  part  of  calculating  the  local  ionization  production  rate.  As  individual 
electrons  pass  through  matter,  minute  deflections  occur  as  a  consequence  of  Coulomb 
interactions  with  atmospheric  atoms  and  molecules.  These  angular  deflections  are 
equivalent  to  the  introduction  of  perpendicular  (to  the  local  magnetic  field)  velocity 
to  the  beam  electrons  so  that  after  many  kilometers  of  travel  there  can  be  appreciable 
spread  of  the  beam  in  pitch  angle.  This  effect  spreads  the  total  ionization  production 
over  a  significant  area,  lowering  the  local  enhancement  of  the  electron  and  ion  density. 

There  is  extensive  knowledge  of  electron  scattering  in  various  materials,  including 
air;  e.g.,  ICRU#  35  [1984].  Using  standard  approaches,  it  is  even  possible  to  com¬ 
pute  the  angular  scatter  effects  of  low  density  materials  where  perpendicular  transit 
is  an  important  part  of  the  final  beam  area  distribution.  However,  up  to  the  present 
time  we  have  been  unable  to  discover  any  method  which  adequately  takes  into  ac¬ 
count  the  confining  effect  of  a  magnetic  field  on  a  strongly  peaked  (energy  and  angle) 
electron  beam.  Figure  4.3  illustrates  this  situation  by  following  the  trajectory  of  a 
single  electron.  As  it  leaves  the  source  the  electron  initially  travels  directly  down  the 
magnetic  field.  At  some  point,  however,  it  suffers  a  scattering  collision  which  changes 
its  pitch  angle.  Such  scattering  interactions  continue  with  increasing  frequency  until 
the  electron  has  lost  all  of  its  initial  energy.  As  a  consequence  of  the  accumulated 
angular  scattering,  the  electron  may  be  substantially  deflected  in  a  lateral  direction 
with  respect  to  the  original  magnetic  field  line  trajectory.  This  behavior  is  indicated 
in  Figure  4.3  by  showing  hypothetical  scattering  collisions  and  the  envelope  of  an 
electron’s  helical  motion. 

In  this  situation,  we  find  that  the  traditional  ealculations  of  electron  beam  spread¬ 
ing  are  incorrect  since  they  ignore  the  confining  effects  of  the  geomagnetic  field.  Walt 
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Figure  4.1.  Average  energy  per  particle  of  a  .5  MeV  electron  beam  penetrating 
vertically  into  the  middle  at  mospliere.  Details  of  the  calculation  are  given  in  Appendix 
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Figure  4.2.  Relativistic  electron  beam  energy  loss  rate  shown  as  a  function  of 
altitude  in  the  middle  atmosphere.  The  peak  deposition  at  the  end  of  the  path  is  due 
to  the  rapid  rise  in  energy  loss  which  occurs  at  low  electron  energies.  Details  of  the 
calculation  are  given  in  Appendix  A. 
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et  al.  [1967]  have  attacked  this  problem  for  the  case  of  a  non-peaked  relativistic  elec¬ 
tron  beam,  and  they  derived  analytic  expressions  for  the  ionization  rate  as  a  function 
of  altitude,  but  the  results  may  not  be  accurate  for  the  case  at  hand. 

Calculalions  for  the  highly  peaked  distributions  considered  here  could  be  made 
in  a  guiding  center  formalism  which  would  take  into  account  the  gradual  outward 
diffusion  of  electrons  resulting  from  scattering.  However,  this  new  work  has  not  been 
practical  within  the  limits  of  the  present  study.  Instead,  we  use  three  approximations 
to  the  electron  beam  area:  An  area  which  corresponds  to  no  scattering  by  the  atmo¬ 
sphere  (.Is  =  7r/4m^),  an  area  which  corresponds  to  the  gyroradius  of  the  relativistic 
electrons  at  the  energy  of  the  source  (As  =  600^rrm^),  and  the  full  scattering  pre¬ 
dicted  from  non-rnagnetic,  conventional  scattering  equations  (As  =  10®  m”  at  50  km 
altitude).  In  addition,  we  simply  assume  that  at  the  very  end  of  the  beam  penetra¬ 
tion  there  is  a  substantial  spatial  blooming  of  the  beam  as  scattering  assumes  great 
importance  in  the  last  few  kilometers  of  beam  travel. 

The  result  of  these  assumptions  is  to  give  the  model  of  the  region  of  electron 
beam  ionization  enhancement  shown  in  Figure  4.4.  The  overall  shape  of  the  ionization 
region  produced  by  the  beam  can  be  compared  with  that  of  a  mushroom  anchor;  A 
long,  increasingly  thick  column  of  ionization  eventually  meets  a  thick,  radially  broad 
cap,  a  consequence  of  electron  scattering. 

VVe  now  return  to  quantitative  calculations.  Using  the  energy  loss  rate,  altitude 
profiles  of  the  plasma  produced  by  single  pulses  from  an  electron  source  can  be  made 
taking  into  account  the  full  range  of  energy  degradation  process.  Since  charged  i)ar- 
ticle  recombination  operates  on  time  scales  of  many  milliseconds,  a  beam  pulsed  with 
relatively  short,  microsecond  bursts  will  give  a  net  production  of  new  ionization  equal 
to  the  product  of  the  local  production  rate  and  the  beam  on  time.  'The  newly  intro¬ 
duced  charged  particles  then  decay  according  to  recombination  and  other  ionic  and 
electronic  reactions  witli  the  gases  of  the  middle  atmosphere. 

Figure  1.5  shows  ionization  production  rate  as  a  function  of  altitiule  calculated 
for  a  1  A  .  5  MeV  electron  beam  puLsed  on  for  5  //seconds  with  different  assumptions 
aboi'.t  the  beam  area.  1  he  production  is  proport ioiuil  to  the  neutral  gas  num!)er 
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Figure  4.3.  Schematic  view  ol  the  effects  of  small  angle  scattering  on  the  pitch 
angle  and  lateral  deflection  of  an  energedc  electron  initially  moving  parallel  to  the 
local  magnetic  field.  Each  collision  enlarges  the  gyroradius  of  the  electron  motion. 
Since  each  collision  occurs  at  a  random  point  within  the  gyrating  trajectory,  such 
collisions  can  give  a  lateral  deflection  of  the  particle  which  is  limited  by  the  intrinsic 
scale  size  of  the  full  gyroradius  of  the  electron. 
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density  for  most  of  the  path,  but  large  ionization  rates  obtained  near  the  end  of  the 
beam  show  where  scattering  is  important  with  consequent  large  lateral  dispersions. 

The  initial  burst  of  new  ionization  from  a  relativistic  electron  beam  can  have 
a  high  “contrast”  with  respect  to  the  pre-existing,  background  plasma.  Figure  4.6 
shows  typical  day  and  night  electron  densities  for  the  middle  atmospheric  regions. 
Also  included  is  the  new  density  calculated  above  for  a  single  5  /^second  burst.  It 
can  be  seen  that  the  beam-associated  ionization  can  be  much  larger  than  the  am!)ient 
ionization  for  altitudes  depending  on  the  particular  beam  cross  sectional  area. 

More  complete  analyses  of  electron  beam  penetration  must  take  into  account 
beam  divergence  arising  from  the  finite  range  of  pitch  angles  at  the  beam  source,  the 
confining  feature  of  the  magnetic  field,  and  the  important  effects  of  electron  scattering 
which  accompany  traversal  through  the  atmosphere.  A  description  of  these  is  given 
in  Appendix  A,  which  pro\  ides  the  basis  for  the  ionization  production  rate  discussion 
of  this  section. 

4. 2. “2.  Plasma  Chemistry 

The  initial  ionization  created  by  the  pulsed  electron  beam  consists  of  positive 
atmospheric  ions  (O^,  .V.^)  and  free  secondary  electrons.  Once  created,  the  positive 
ions  will  undergo  reactions  with  the  ambient  gases  of  the  atmosphere,  resulting  in  a 
variety  of  final  positive  ion  products  which  can  be  computed  using  atmosphere  chem¬ 
istry  codes.  Typically,  large  cluster  positive  ions  will  begin  to  form  in  competition 
with  dissociative  recombination,  a  process  which  is  rapid  at  the  high  plasma  densities 
of  the  narrower  models  of  the  ionization  column. 

The  secondary  electrons,  in  contrast,  undergo  two  more  stages  of  activity.  First, 
thos('  having  significant  energies  will  have  subsequent  additional  ('iiergy  losses,  includ¬ 
ing  optical  e.xcilation  and  impact  ionization  of  atmos|)h<'ric  gases.  Flections  of  lower 
energv  will  cool  to  atmospheric  temperature  by  means  ol  various  inelastic  collisions 
with  atmospheric  gasi's  and.  thereby,  become  jrart  of  the  backgrcaind  D-ix'gion  and 
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Figure  4.4.  Illustrating  the  penetration  of  the  electron  beam  into  the  middle  atmo¬ 
sphere.  The  plasma  density  of  the  beam-produced  ionization  column  will  be  much 
greater  than  the  ambient  ionospheric  density.  In  addition,  owing  to  strong  scattering 
at  the  end  of  the  trajectory,  we  expert  a  substantial  “blooming”  of  the  ionization 
striirtiire.  It  is  assumed  that  the  beam  is  launched  parallel  to  the  local  magnetic 
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Figure  4.6.  Comparison  of  initial  ionization  enhancement  produced  per  unit  volue 
with  the  average  ambient  density  of  the  E-  and  D-regions  for  day  and  night  conditions. 
Curves  B  and  C  are  defined  in  Figure  4.5. 


Since  it  is  the  electrons  which  interact  most  strongly  with  electromagnetic  radi¬ 
ation,  it  is  important  to  understand  the  various  processes  which  affect  their  density 
decay.  On  the  one  hand,  recombination  with  ions  occurs  at  a  certain  rate  in  propor¬ 
tion  to  the  ion  concentration.  The  time  constant  for  this  is  set  by  the  dissociative 
recombination  coefficient,  a,  and  the  density  of  ambient  ions.  A  useful  expression  for 
the  time  constant  for  dissociative  recombination  is  given  by 

td  =  — ^ —  (l.d) 

aone 

where 

,„_7/300\3  3  _i 

Q:£)  =  3  X  10  <'m^sec  ( l.  l) 

and,  T,  is  the  electron  temperature.  Typical  plasma  densities  of  lO'*  to  10*'  cm“'* 
within  the  beam-produced  ionization  column  give  recombination  decay  times  of  sec¬ 
onds  or  more. 

,'\  more  important  loss  process  for  cold  electrons  is  attachment  to  neutral  0)  to 
form  O2  ions.  This  three-body  reaction  progresses  according  to  the  reaction 

e~  Q2  +  O2  O2  +  O2  +  0.45  oV  (4.5) 

which  has  a  rate  coefficient  [Banks  et  ai,  197.3]  given  by 

A-  =  1.5  X  IO-”(^)e-“"/V(0.2)  sec-‘  H.f,) 

where  T  is  the  temperature  of  the  background  neutral  atmosphere  and  n(02)  is  the 
molecular  oxygen  density.  Calculations  show  that  such  attachment  of  free  electrons 
becomes  a  very  important  process  Ijelow  about  70  km  altitude  in  the  mesosphere. 
.\s  shown  below,  if  is  the  primary  limitation  on  the  liletiine  of  free  electron  densitic's 
arising  from  the  relativistic  electron  beam  experiment. 

do  understand  this  effect,  w<'  must  consider  tin'  ov('rall  balance'  betwe'cn  electrons 
and  0.7  ions.  While  electron  attachment  removes  the  lr<'e  (dectrons.  thei('  are  several 


reactions  serving  to  liberate  them,  including  photodetachment  (in  sunlight)  and  re¬ 
actions  of  07  with  O3  and  O.  For  the  present  models,  it  seems  reasonable  to  ignore 
these  last  two  reactions:  The  O  and  O3  densities  are  sufficiently  low  in  the  regions 
between  10  km  and  70  km  for  their  detachment  reactions  with  07  to  be  ignored. 
Thus,  to  model  the  time-dependent  electron  density  in  the  beam  column,  we  can 
approximate  the  real  situation  by  considering  only  electron  attachment  to  O2  and 
photodetachment  in  sunlight. 

The  photodetachment  of  electrons  from  O^  is  expressed  as; 

O2  -h  nr/  — r  O2  +  e  (4.7) 

wliere  J  =  0.3sec“*  at  zero  optical  depth  [Banks  et  ai,  1973]. 

Competition  between  electron  attachment  and  photodetachment  can  be  studied 
by  a  simple  time  dependent  model  of  ionization  loss  which  ignores  recombination.  If 
there  is  an  initial  electron  density,  Nq,  at  time  /  =  0,  the  electron  density  at  a  later 
time  is  given  by  the  expression 


^  =  [1  -  ri(l  -  e-'^Ul 


(4.8) 


where  r  is  a  time  constant  for  reaching  equilibrium  conditions  given  by  the  expression 

1 


r  = 


{J  +  k) 


(4.9) 


wlnue  k  is  the  attachment  rate  for  equation  (5)  and  J  is  the  zero  optical  depth 
photodetachment  rate  for  (9^.  Values  of  this  time  constant  a.s  a  function  of  altitude 
are  given  in  Table  1 . 

Figure  4.7  shows  the  time  history  of  the  equilibrium  ratio  of  electron  density  to 
initial  ion  density,  7,  at  several  altitudes.  It  is  clear  that  at  low  altitudes  even  in 
daylight,  electrons  will  quickly  be  transformed  to  negative  ions. 

From  the  foregoing  we  can  conclude  that  an  appreciable  concentration  of  free 
electrons  can  be  created  by  an  initial  pulse  of  relativistic  electrons.  However,  these 


Table  1 

Electron-Negative  Ion  Equilibrium  Time  Constant 
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Height  (km)  Time  Constant  (sec) 


30 

1.2  X  10-'* 

40 

1.9  X  10-3 

50 

2.3  X  10-2 

60 

2.5  X  10-* 

70 

1.9  X  10° 

80 

3.3  X  10° 

will  disappear  by  two  major  processes:  Attachment  with  O2  and,  at  a  slower  pace, 
by  recombination  with  positive  ions.  At  altitudes  above  70  km  the  lifetime  of  the 
electrons  is  long,  measured  in  terms  of  seconds.  Below  70  km,  attachment  becomes 
increasingly  important,  such  that  at  altitudes  of  50  km  free  electron  lifetimes  are 
measured  in  terms  of  milliseconds,  even  in  daytime. 

4.3.  Electrodynamics  of  an  Ionization  Column  in  the  Middle  Atmosphere 

It  is  well  known  that  the  middle  atmosphere  plays  an  active  part  in  global  electro¬ 
dynamics,  serving  as  a  conducting  medium  for  the  spatially  dispersed  currents  arising 
from  thunderstorm  activity  throughout  the  world.  Although  the  largest  values  for  the 
atmospheric  electric  fields  are  found  within  the  troposphere  near  the  earth’s  surface, 
in  situ  observations  indicate  that  substantial  potential  drops  are  still  possible  in  the 
upper  stratosphere  and  mesosphere.  Using  several  different  measuring  methods,  Marj- 
nard  and  Hale  and  their  co-workers  have  found,  on  occasion,  electric  fields  on  the  order 
of  volts  per  meter  in  the  D-region,  implying  that  there  may  be  total  potential  drops 
on  the  order  of  lO’s  of  kilovolts  over  distances  of  lO’s  of  kilometers  [Maynard  cl  ai. 
1981:  Hale  et  ai,  1981]. 

Within  the  context  of  the  present  study  it  is  appropriate  to  investigate  the  in¬ 
teractions  might  occur  between  a  transient,  highly  conducting  ionization  column  and 
ambient  electric  fields  of  the  middle  atmosphere,  'riiis  is  done  in  the  following  way. 
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Figure  4.7.  Showing  the  ratio  of  equilibrium  electron  to  initial  ion  density,  gamma, 
as  a  function  of  altitude.  These  results  demonstrate  the  idea  that  free  electrons  are 
rapidly  converted  to  negative  ions  at  low  altitudes. 
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First,  we  assume  that  the  ionization  column  is  produced  instantaneously  with  a  cer¬ 
tain  altitude  profile  of  electron  density  and  beam  area.  Xe.xl,  under  the  action  of 
the  existing  atmospheric  electric  fields,  currents  will  be  established  in  the  column, 
leading  it  to  charge  at  a  certain  rate  to  the  potential  of  the  highly  conducting  iono¬ 
sphere  lying  above.  At  each  point  along  the  column  the  potential  difference  between 
the  column  and  the  surrounding  atmosphere  will  also  rise.  At  some  point  it  may  be 
the  case  that  the  associated  electric  fields  are  sufficiently  large-  to  accelerate  ambient 
and  ionization  column  electrons  to  sufficiently  large  energies  to  cause  additional  ion¬ 
ization;  i.e.,  breakdown  will  occur.  In  this  situation,  a  discharge  would  be  initiated 
with  the  possibility  of  subsequent  large  currents  occuring  in  the  ambient  medium 
and  the  conducting  ionization  column.  Such  a  discharge,  the  equivalent  of  lightning, 
would  continue  until  the  ionization  column-associated  electric  field  is  reduced  below 


the  breakdown  level  of  the  atmosphere. 


To  proceed,  we  first  compute  the  resistivity  and  charging  time  of  the  beam- 
produced  ionization  column.  This  time  is  shown,  for  typical  parameters,  to  be 
somewhat  less  than  the  time  for  loss  of  the  electrons  due  to  attachement.  Next, 
a  computation  is  made  of  the  breakdown  electric  field  for  conditions  within  the  mid¬ 
dle  atmosphere.  Using  a  model  for  the  distribution  of  electric  potential  along  the 
ionization  column  and  typical  values  of  middle  atmosphere  electric  fields,  it  is  shown 
that  it  is  likely  that  some  portion  of  the  ionization  column  will  establish  electric  fields 


which  exceed  the  threshold  for  breakdown.  This  then  leads  to  a  discussion  of  sub¬ 


sequent  effects  which  are  important  to  the  magnitude  and  duration  of  the  discharge 


current. 


4.3.1.  Resi.‘ftanc€  and  Charging  of  the  Ionization  Column. 


We  consider  a  simple  model  where  the  ambient  electric  field,  E,  is  parallel  to  tli 


vertical  ionization  column. 


When  the  ionization  column  is  created,  current  will  pass  along  it  at  a  magni¬ 
tude  set  by  the  resistivity  of  the  column  and  the  magnitude  of  the  external  electric 
field.  Owing  to  its  high  conductivity,  however,  the  interior  electric  field  will  quicklv 
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change,  introducing  a  net  potential  difference  between  the  column  and  the  exterior 
atmosphere.  If  the  column  were  perfectly  condu<  ting,  it  would  achieve  the  same, 
uniform  potential  as  the  ionosphere.  Figure  4.8  illustrates  this  situation  in  terms  of 
equipotential  contours  in  the  vicinity  of  the  column.  Owing  to  the  high  electrical 
conductivity  of  the  column,  the  local  contours  of  electrostatic  potential  are  altered, 
producing  large  potential  gradients  in  the  vicinity  of  the  column. 

To  begin  the  computation  of  the  resistivity  of  the  ionization  column,  the  rela¬ 
tionship  between  the  local  current  density,  j,  and  the  local  electric  field,  E,  is  given 
by 

j  —  crE  (4.10) 

where  a  is  the  ordinary  Pedersen  conductivity  of  the  ionospheric  medium.  If  we  then 
assume  that  a  current  I  passes  through  an  area  A  of  the  column,  we  have 

I  =  {(tA)E 

Next,  we  adopt  the  standard  expression  for  the  conductivity: 

neC^ 

cr  = - 

where  Ug  is  the  ambient  electron  density,  i/e„  is  the  electron-neutral  collision  frequency, 
trie  is  the  electron  mass,  and  e  is  the  magnitude  of  the  electron  charge. 

Further  progress  can  be  made  by  noting  that  the  electron-neutral  collision  fre- 
cjupncy  and  the  initial  electron  density  are  both  proportional  to  the  neutral  gas  den¬ 
sity.  Thus,  if  we  normalize  our  results  to  the  values  of  initial  electron  density  and 
collision  frequency  at  some  reference  altitude,  we  can  write  the  relation  between  col¬ 
umn  current  and  electric  field  as 


(4.12) 
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To  obtain  the  resistivity  of  a  column  of  length  L,  we  note  that  if  there  is  a  voltage 
V  present  over  a  distance  L,  Eqn.  (4.13)  becomes 


n^e^A 


(4.14) 


so  that  the  column  resistance  per  unit  length,  r,  can  be  written  as 

Del'Ll 

n^e^A 


(4.15) 


Values  for  the  collision  frequency  can  be  obtained  from  the  CIRA  reference  at¬ 
mosphere.  Normalizing  to  50  km  altitude,  using  these  values  and  the  electron  density 
from  Figure  4.5  gives  a  resistance  per  unit  length  of 


r  =  35  flm 


(4.16) 


or,  for  a  total  length  of,  say,  40  km,  a  total  column  resistance  of  1.4  Mfl. 

From  this,  we  find  that  the  resistance  of  the  ionization  column  is  substantial  and 
that  a  potential  drop  of  about  20  kV  will  result  in  a  current  of  tens  of  milliamperes. 
In  this  situation,  the  time  constant  for  charging  of  the  column  does  not  follow  from 
the  usual  transmission  line  equations  of  electrical  charging:  They  apply  only  to  ca^es 
where  the  resistance  per  unit  length  is  a  small  part  of  the  line  impedance  provided  by 
the  capacitance  and  inductance  per  unit  length.  In  this  instance  another  approach  is 
needed,  and  this  is  discussed  in  Appendix  B  in  terms  of  a  diffusion-controlled  electric 
field.  The  result  applicable  to  the  present  circumstances  is  that  the  time  constant, 
Tc,  for  the  beam  column  charging  can  be  approximated  by  the  expression 


(4.17) 


where  Uen  is  the  electron-neutral  collision  frequency  and  ujp  is  the  plasma  frequency. 
For  the  situation  outlined  here,  the  time  constant  for  charging  of  the  column  is  on 
the  order  of  lO’s  of  /^seconds.  Thus,  as  seen  from  an  attachment  time  scale  of  lO’s 


of  milliseconds,  the  ionization  column  rises  to  the  ionospheric  potential  very  quicklv, 
leading  to  the  electrical  model  shown  in  Figure  1.8. 

As  a  consequence  of  these  calculations,  we  see  that  not  only  does  the  electron 
beam  pulse  create  a  channel  of  highly  conductive  plasma,  albeit  for  a  relatively  short 
time  of  lO’s  of  milliseconds  at  low  altitudes,  but  also  that  the  ambient  electric  fields 
of  the  middle  atmosphere  will  drive  current  within  this  structure,  bringing  it  quickly 
(on  time  scales  of  lO’s  of  //seconds)  to  the  potential  of  the  overlying  ionosphere. 

4-3.2.  Electric  DL'^charge  of  the  Beam  Column 

As  the  potential  ot  the  beam  column  rises  with  respect  to  the  background,  an 
electric  field  is  generated  within  the  surrounding  medium.  This  situation  was  il¬ 
lustrated  in  Figure  4.8.  where  we  showed  the  equipotential  contours  of  the  middle 
atmosphere  as  they  have  responded  to  the  increasing  potential  of  the  beam-induced 
plasma  column.  The  concentration  of  potential  contours  near  the  lower  tip  of  the 
column  indicates  the  increasing  electric  field  there,  and  opens  the  question  of  the 
possibility  of  creating  the  conditions  necessary  for  an  electrical  discharge. 

To  resolve  this  possibility,  two  separate  issues  must  be  investigated:  (1)  The 
magnitude  of  the  breakdown  electric  field  in  the  middle  atmosphere,  and  (2)  the 
magnitude  of  the  electric  field  in  the  vicinity  of  the  b('am  structure.  Facl\  of  these  is 
presented  in  the  following  sections. 

a.  The.  Breakdown  Electric  Eidd.  Eh'ctrical  br/'akdcnvn  occurs  in  a  [/artially 
ionized  gas  when  the  local  electric  field  is  sufficiently  large  to  accelerate  ambient  elec¬ 
trons  to  ionizing  energies,  typically  of  the  order  of  lb  eV.  1  he  timdency  of  ('h'ctric 
field  acc'eh’rated  electrons  to  rise  in  energy  towaifls  breakdown  energies  is  opposed  by 
electron  collisiinis  with  the  ambient  neui.ral  j^as:  In  each  energc'tic  ('lectron-nc'utral 
c(j||ision  the  encryv  imparted  to  tlie  electron  by  the  (dectric  li('Id  's  largelx'  lost,  fhe 
[)robleni  in  its  siiiqilest  lortn,  then,  is  t(j  compute  the  energy  of  ati  indiv  idual  electron 
under  coiiibiiied  ellects  ot  the  accelerating  electric  field  and  tli<'  momentum  lost  in 
elec!  rfUMieiit  ral  collisimis.  In  fact,  more  accurate'  tlieoru's  ol  bieakdown  wcadd  in- 
I  hide  t  he  di -;t  I  ibiil  ion  <4  -cclocit  ies  ot  i  he  elect  rons,  a  nd  the  tact  that  it  is  the  high 
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energy  portions  of  the  electron  velocity  distribution  function  that  lead  to  the  initial 
avalanche  ionizations  that  result  in  electrical  breakdown.  However,  for  this  discus¬ 
sion,  the  simple  model  of  breakdown  is  probably  sufficiently  accurate  to  indicate  the 
magnitudes  of  fields  needed. 


We  wish  to  compute  the  energy  acquired  by  an  electron  between  collisions  with 
neutral  gas  particles.  If  there  is  an  ambient  electric  field  of  magnitude  E,  the  velocity, 
V,  after  a  time,  t.  has  elapsed  since  the  last  collision  is 


_  reEt\ 

\me  J 
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where  e  is  the  magnitude  of  electron  charge  and  me  is  the  electron  mass.  The  electron 


energy,  c.  then  follows  as 


e  =  — 

2  \me 


(4.19) 


If  lygn  is  the  collision  frequency  for  electron-neutral  gas  collisions,  the  time,  T, 
between  collisions  \sT  =  l/t'en  and  the  relation  between  electron  energy  and  collision 
frequency  becomes 


2mei'L 


(4.20) 


If  we  adopt  at  value  of  10  eV  as  the  mean  energy  of  the  electron  gas  to  acquire 
b('tween  collisions  to  initiate  the  ionizations  necessary  for  breakdown,  we  arrive  at 
t  he  fl  esired  relation  between  breakdown  electric  field,  E(,,  and  the  collision  frequency 


between  electrons  and  neutrals: 


1. 1  X  10- 


(volt  m  ') 


(4.21) 


Figure  1.9  plots  values  of  Ef,  as  a  function  of  altitude  in  the  middle  atmosphere, 
le  results  indicate  that  relatively  small  fields  of  100  to  1000  V/m  will  initiate  electri¬ 


cal  discharge  in  the  regions  between  50  km  and  70  km  altitude,  the  zone  of  principal 
iriteresl  in  this  study. 


Breakdown  Electric  Field  Strength  (V/m) 


Figure  4.9.  .Showing  t!ie  d.r.  l>real<(lo\vn  electric  field  strength  as  a  function  of 
altitude  in  the  middle  atmosphere. 
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b.  Electric  Fields  Near  the  Plasma  Column.  Figure  4.8  shows  the  general  situ¬ 
ation  of  electric  equipotential  contours  near  the  beam  column.  Up  to  this  point  we 
have  assumed  that  the  beam  has  a  geometry  set  by  the  initial  pulse  of  high  energy 
electrons:  i.e.,  that  a  long,  thin  structure  is  created  with  the  diameter  set  by  atmo¬ 
spheric  scattering.  Furthermore,  we  have  been  able  to  show  that  this  plasma  structure 
will  rapidly  charge  itself  towards  the  potential  of  the  overlying  ionosphere,  yielding 
progressively  larger  radial  potential  differences  between  the  plasma  column  and  the 
ambient  ionosphere  as  one  progresses  downwards.  Now,  however,  a  difficult  problem 
arises;  namely,  how  to  estimate  the  local  electric  field.  If  the  potential  changes  rapidly 
with  distance,  then  a  large  electric  field  will  be  present  and  the  conditions  required 
for  electrical  breakdown  may  be  present.  If,  on  the  other  hand,  the  potential  is  dis¬ 
tributed  over  a  large  radial  distance,  only  weak  fields  will  occur  and  no  cataclysmic 
effects  can  be  expected. 

The  core  structure  of  the  ionization  column  is  determined  by  atmospheric  scatter¬ 
ing.  In  the  absence  of  accurate  numerical  results  in  the  literature,  we  have  estimated 
that  the  beam  will  achieve  a  diameter  which  is  much  larger  than  the  source  area,  A,, 
but  substantially  less  than  one  gyrodiameter  (600  meters  for  a  3.5  MeV  electron).  In 
fact,  the  column  will  not  be  uniform  in  radial  dimension.  Consequently,  the  potential 
of  the  core  of  the  beam  will  be  higher  than  even  the  outside  edges,  indicating  that 
the  correct  calculation  for  the  distribution  of  electric  potential  must  include  not  only 
the  time-dependent  effects,  but  also  the  dimensionality  of  the  electron  distribution 
in  the  radial  direction.  This  difficult  task  lies  beyond  the  scope  of  the  present  re¬ 
port.  Instead,  we  can  indicate  the  possible  values  based  on  typical  potentials  and 
characteristic  radii  of  the  ionization  column. 

For  example,  if  the  core  of  the  column  has  a  diameter  of  20  m,  and  if  there  is 
a  20  kV  potential  drop,  then  it  might  be  possible  to  have  a  radial  electric  field  of  1 
kV/rn  within  this  extended  zone.  .According  to  Figure  4.9,  this  would  be  sufficient 
t(j  create  breakdown  above  50  km.  On  the  other  hand,  if  the  diameter  is  200  meters 
and  the  potential  drop  only  10  kV,  then  the  radial  electric  field  will  be  on  the  order 
of  50  V/in,  which  is  probably  too  low  to  meet  the  requirements  for  breakdown  except 


above  74  km  altitude. 


At  this  time,  with  our  lack  of  knowledge  about  the  actual  distribution  of  electric 
fields  in  the  middle  atmosphere  and  the  redistribution  of  fields  which  will  accompany 
the  establishment  of  a  conducting  column  of  ionization  in  the  same  region,  we  can't 
state  categorically  that  electrical  discharge  is  an  inevitable  consequence  of  the  rela¬ 
tivistic  electron  beam  experiment.  Part  of  this  uncertainty  can  be  removed  by  more 
thorough  calculations  of  the  electrodynamics  of  the  column.  But,  in  the  face  of  poor 
information  about  the  spatial  and  temporal  variability  of  middle  atmosphere  elec¬ 
tric  fields,  it  will  probably  not  be  possible  to  have  full  confidence  in  the  breakdown 
hypothesis:  A  suitable  in  situ  experiment  will  be  needed  to  test  all  of  the  complex- 
factors. 

4.S.S.  Consequences  of  a  Discharge. 

It  is  interesting  to  speculate  what  might  happen  if,  indeed,  it  is  possible  to  initiate 
an  electrical  breakdown  at  some  point  in  the  column.  In  this  situation,  we  first  expect 
that  additional  electrons  will  be  liberated  to  carry  current.  This  might  occur  through 
the  formation  of  filaments  or  leaders  which  would  extend  away  from  the  column 
into  the  surrounding  gases.  The  subsequent  rush  of  free  electrons  would  produce  an 
electromagnetic  pulse  whose  principal  frequencies  would  be  determined  by  both  the 
duration  of  the  breakdown  and  any  characteristic  oscillations  that  might  accompany 
the  formation  and  decay  of  leaders  in  the  gas. 

The  general  effect  of  the  discharge  would  be  to  transport  electric  charge  along 
the  column.  With  sufficient  fields,  such  a  discharge  could  conceivably  extend  the  full 
length  of  the  beam.  Heating  of  the  atmosphere  would  be  a  slight  consequence,  and 
optical  emissions  would  provide  a  way  of  seeing  the  development  of  the  discharge 
f)rocess. 

I  he  decay  of  the  discharge  would  be  deteriTiined  by  the  change  in  local  potential 
and  ('lectrir  field.s.  .As  the  region  of  enhanced  density  grows  in  size,  the  [)otential 
drop  will  becor7ie  spread  out.  lowering  the  electric  field  st  rc'iigt  h  unt  il  it  falls  below 
that  i('f|uired  for  breakflown.  However,  since  this  threshold  depcuids  on  altitude,  a 
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complicated  pattern  of  discharge  might  result,  with  prolonged  discharge  occuring  at 
higher  altitudes  along  the  beam  column.  Countering  this  would  be  the  diminuation  of 
the  local  fields  with  altitude  as  one  approaches  the  conducting  regions  of  the  D-layer. 

4.4.  A  Proposed  Experiment 

As  stated  at  the  begining  of  this  section,  current  technology  is  available  for  a 
rocket- borne  relativistic  electron  beam  experiment.  The  goal  of  such  an  experiment 
should  be  to  assess  a  variety  of  phenomena  associated  with  firing  a  high  energy  beam 
into  the  atmosphere.  These  include:  (1)  The  formation  of  a  highly  ionized  column 
of  ionization  extending  downwards  to  the  upper  stratosphere,  (2)  The  formation  of  a 
large  lateral  cap  of  ionization  at  the  end  of  the  beam  travel,  as  implied  by  Figure  4.4, 
(3)  The  time  dependent  decay  of  the  free  electrons  in  the  column,  (4)  The  possibility 
of  creating  a  large  scale  electrical  discharge  in  the  middle  atmosphere,  and  (5)  Under¬ 
standing  the  physics  of  the  interaction  of  the  energetic  particles  with  the  atmosphere, 
as  seen  in  the  geometry  of  the  beam  and  the  character  of  energetic  particles  reflected 
back  into  space. 

The  most  suitable  experiments  would  be  done  with  the  nighttime  launch  of  a 
recoverable  rocket  payload  at  White  Sands  Missile  Range.  The  rocket  trajectory  could 
be  chosen  to  minimize  the  cross-magnetic  field  velocity,  permitting  the  accelerator  to 
fire  many  pulses  into  the  same  general  region  of  the  atmosphere.  The  payload  would 
consist  of  the  accelerator  and  various  on-board  detectors,  including  those  related 
to  measuring  the  performance  of  the  pulsed  beam,  the  electrical  charging  of  the 
rocket,  and  high  energy  particle  detectors  capable  of  measuring  the  fast  backscatter 
of  electrons  from  the  atmosphere.  Other  remote  diagnostic  devices  could  also  be 
flown  on  the  rocket  to  permit  characterization  of  the  ionization  column,  as  seen  from 
immediately  above.  These  could  be  optical  and  UV  detectors  capable  of  seeing  by¬ 
product  radiation  arising  from  beam  interactions  with  the  atmosphere  and  broadband 
radio  receivers. 


( 'oordinated  ground  observations  would  also  be  essential.  Optical  imagers  would 
[)rovide  information  about  the  geometry  of  the  beam,  while  radars  of  various  fre- 
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quencies  could  probe  the  extent  to  which  the  column  ionization  interacts  with  the 
incident  radiation.  Broad-band  radio  receivers  would  also  help  to  assess  the  emis¬ 
sion  of  any  initial  electromagnetic  radiation  (expected  to  be  weak)  and  the  possible 
stronger  emissions  following  from  an  electrical  discharge. 

schematic  view  of  the  experimental  situation  is  given  in  Figure  4.10. 

4.5.  Closing  Remarks 

There  are  many  interesting  features  of  relativistic  electron  beam  experiments  in 
space.  Here,  we  have  focused  on  problems  relating  to  the  interaction  of  the  beam 
with  the  atmosphere  to  produce  ionization  enhancements.  It  is  seen  that  the  high 
energy  of  the  beam  electrons  means  that  interaction  with  the  middle  atmosphere  is 
possible,  and  that  there  are  a  number  of  subsidiary  phenomena  which  may  come  into 
play.  In  the  face  of  substantial  theoretical  uncertainties,  firm  understanding  of  the 
physical  consequences  will  require  an  experimental  program  involving,  at  the  least, 
several  rocket  flights  with  supporting  ground  and  space  observations.  This  should  be 
done  in  connection  with  an  extensive  theoretical  analysis  of  the  important  features  of 
beam  production,  scattering,  and  electrodynamic  consequences. 
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4.7.  Appendix  A 


Cakulations  of  predicted  ionization  for  relativistic  electron  beams  in  the  atmo¬ 
sphere  can  be  divided  into  two  specific  areas.  First,  is  the  energy  loss  of  the  electron 
beam  per  unit  length  (dE/ds)  as  it  penetrates  through  the  atmosphere.  It  is  assumed 
that  most  of  this  beam  energy  ’.oss  is  consumed  in  the  process  of  impact  ionization 
with  the  neutral  background  of  the  plasma.  An  immediate  result  of  this  calculation 
should  be  the  penetration  depth  of  the  beam  and  also  the  ionization  per  unit  length 
as  a  function  of  distance.  The  second  area  is  the  estimation  of  the  lateral  extent 
(perpendicular  to  B)  of  the  primary  beam  resulting  in  an  incident  primary  electron 
flux,  $(s).  Both  sets  of  calculations  are  necessary  to  estimate  the  ionization  densities 
that  are  to  result  for  the  relativistic  electron  beam. 

Given  the  above,  it  is  straightforward  to  estimate  the  ionization  rate,  q,  at  any 
given  altitude  as 


_  dE^js) 
^  ds  Ae 


(A.l) 


where  Ac  is  the  required  average  ionization  energy  with  a  value  of  35eV  used  here 
[Bdnks  et  a/.,  1973].  Assuming  a  short  duration  pulse,  the  value  in  Eq.  A.l  can  be 
multiplied  by  the  on-time  of  the  beam  pulse  to  estimate  the  additional  ionization  or 
ionization  enhancement  that  is  created  by  the  relativistic  electron  beam. 


In  the  following,  the  two  calculations  will  be  discussed  separately  keeping  in 
mind  that  both  are  necessary  to  provide  the  final  predictions  of  electron  densities  as 
a  function  of  penetration.  The  results  presented  are  intended  for  use  with  relativistic 
beam  energy  levels  up  to  approximately  -5  MeV,  although  it  may  be  satisfactory  for 
some  ai^plications  to  ext<'nd  up  t(j  the  10  MeV  h'Vf'l. 


1.  E.NEHGY  LOS.S  A.\’D  lOXlZ.ATlON  R.VI  E  PER  EMT  LE.\G  I'll.  dE/ds 


.At mcjspheric  imuzation  and  penetration  of  einugetic  electron  beams  in  the  non- 
relat  ivistif  range  greater  than  1  KeV  can  Ix'  straightforwardly  calculated  based  on 
a  variety  of  meth(xis.  for  example,  lltfs  [P)f)3]  used  <‘xperim('ntally  verifi('d  ('iiergy 


76 


s" 


I 


I 

'J"  ' 
.'A 


v; 


I 


distribution  functions  to  calculate  the  penetration  and  ionization  deposition  versus 
altitude.  These  results  are  useful  for  first  order  calculations  in  the  lower  energy 
ranges  (1-300  keV).  For  beam  energies  above  about  0.5  MeV,  where  the  electron 
kinetic  energy  is  approximately  equal  to  the  electron  rest  mass,  it  is  necessary  to 
include  relativistic  effects  in  these  calculations. 

Both  ionization  and  penetration  calculations  start  by  estimating  the  electron 
beam  energy  loss  per  unit  path  length  and  assuming  that  all  of  the  energy  loss  goes 
into  ionization  at  that  altitude.  A  form  of  the  Bethe  equation  that  accounts  for 
relativistic  effects  therefore  can  be  used  [Evans,  1955] 


where 


-=4.r„^NZ|ln 
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E  =  incident  electron  beam  kinetic  energy  (MeV) 
To  =  classical  electron  radius 
NZ  =  electrons/m^ 

moC“  =  0.511  MeV 


(/1.2) 


The  original  Bethe  equation  is  basically  a  summary  of  detailed  quantum  mechan¬ 
ical  calculations  of  soft  collision  energy  loss  between  an  energetic  particle  and  bound 
electrons  (by  soft  or  conversely  hard,  we  are  referring  to  whether  the  struck  electrons 
are  initially  considered  bound  or  free).  This  was  later  extended  to  include  relativistic 
effects.  .Although  the  Bethe  equation  is  calculated  assuming  soft  collisions  only,  it 
has  been  found  to  be  an  adequate  first  order  estimate  of  total  energy  loss  from  both 
I'.aial  and  soft  collisions  when  it  is  extended  to  consider  up  to  the  maximum  possible 
('iiergy  los.s  per  collision  of  E/2.  This  has  been  done  in  Eq.  A. 2. 

Fhe  use  of  Eq.  A. 2  to  estimate  dE/ds  ignores  contributions  to  energy  loss  from 
Brenisstrahlung  radiation  and  straggling  effects.  However,  for  electron  beam  energies 
np  through  10  MeV,  radiative  losses  remain  at  least  an  order  of  magnitude  lower 
[I'.'rans].  .Also  ignored  in  Eq.  A. 2,  is  the  effect  of  electron  back-scattering,  which 


would  decrease  the  incident  flux  at  any  given  altitude  but  which  would  represent  an 
additional  ionizing  electron  flux  contribution  in  the  reverse  direction.  The  effect  from 
back-scattering  is  not  expected  to  be  significant  except  near  the  end  of  the  electron 
beam  path.  Figure  4.2  shows  the  variation  of  dE/ds  as  a  function  of  altitude  for  a  .5 
MeV  beam,  while  Figure  4.1  shows  the  actual  energy  of  the  5  MeV  as  it  penetrates 
the  atmosphere. 

2.  PRIMARY  BEAM  ELECTRON  FLUX,  0(s) 

While  the  loss  of  electron  beam  energy,  as  the  beam  penetrates  the  atmosphere, 
plays  the  principal  role  in  determining  penetration  depth  and  ionization  per  unit 
length,  it  is  the  radial  expansion  of  the  primary  beam  that  .sets  the  enhancement 
densities  that  are  ultimately  achieved  within  the  ionization  column.  Factors  that  can 
play  a  role  in  determining  radial  expansion  include  initial  beam  source  divergence, 
confining  magnetic  field  forces,  and  electron  scattering  from  interactions  with  the 
neutral  atmosphere.  How  these  effects  interact  becomes  a  very  significant  physical 
and  computational  problem,  especially  for  the  case  of  a  narrow  energetic  beam  source. 
Walt  ei  al.  [1967]  used  a  formulation  of  the  Fokker-Planck  diffusion  equation  to,  in 
part,  predict  radial  expansion  of  auroral  flux.  Their  method  was  not  considered  to 
be  easily  applied  to  distributions  that  were  strongly  peaked  in  either  energy  or  angle; 
precisely  the  situation  under  consideration  here.  Another  complimentary  approach 
integrates  the  diffusion  equations  using  Monte  Carlo  techniques,  as  in  Wedde  [1970] 
and  Maeda  [1965].  It  is  implicitly  assumed  that  the  primary  beam  and  secondary  flux 
electrons  all  behave  independently,  following  single  particle  motions,  and  interact  only 
with  neutral  atmosphere  particles  and  the  earth’s  magnetic  field. 

Results  from  Walt  rt  al.  [1967],  indicated  that  typical  perpendicular-to-B  diffu¬ 
sion  of  an  auroral  ( non-relati vistic)  flux  with  broad  energy  and  angular  spread  was  on 
the  order  ol  an  elect  ron  gyroixulius;  indicative  of  the  confining  effect  of  the  magnetic 
field,  riiat  the  magiu'lic  field  should  still  Ire  necessary  to  confine  the  radial  ('X[)ansion 
of  a  narrow  ladat i vistic  monoenergetic  elect ron  beam  launched  nearly  paralh'l  to  B  in 
a  temurus  atmosphere  is  not.  necessarily  olrvious.  After  all.  as  beam  energy  increases 
the  scattering  cross  sect  ions  dc'crease  [Mafhhnii,  lf)70]  and  highly  focused  relati\’is- 
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tic  beam  generators  are  available.  As  will  be  shown,  even  in  tenuous  atmospheric 
conditions  present  for  upper  stratospheric  and  higher  altitudes  (neutral  atmosphere 
molecular  densities  levels  are  at  least  three  to  seven  orders  lower  than  STP  den¬ 
sity  levels),  the  relativistic  electron-neutral  elastic  scattering  collisions  still  can  cause 
substantial  radial  beam  diffusion  without  the  presence  of  the  earth’s  magnetic  field. 

To  demonstrate  this  fact,  standard  equations  collected  and  published  by  the  Inter¬ 
national  Commission  on  Radiation  Units  and  Measurements  (ICRU)  can  be  utilized 
to  predict  radial  beam  expansion  [ICRU  Report  35]  in  a  reference  atmosphere  [CIRA, 
1965]  due  to  small  angle  scattering.  Small  angle  scattering  cissumes  that  any  large 
angle  scattering  events  are  relatively  infrequent  and  can  therefore  be  ignored.  Funda¬ 
mental  to  small  angle  scattering  calculations  is  the  fact  that  the  mean  square  angular 
scatter  for  each  electron-neutral  collision  is  statistically  independent  and  therefore 
additive  [Rossi,  1952].  This  fact  can  be  used  to  estimate  the  mean  square  radius  of  a 
narrow  Gaussian  electron  beam  as  a  function  of  penetration  depth,  s,  given  by 


r-(s)  =  r*  -f  2r0tS  -h  + 


A- 


u)‘T(u)du 


(A.3) 


where  the  terms  are  defined  as  follows: 

=  initial  mean  square  radial  spread  of  the  beam 
rO,  =  initial  covariance  of  the  simultaneous  radial  and  angular  distribution 
Of  =  initial  mean  square  angular  spread  of  the  beam 
l'(u)  =  change  in  mean  square  angle  of  scattering  per  unit  length,  where 


where' 

Orm  =  - 


_ 


2/1 


/n[l+(0,„,/0u,)‘']  +  l  +  [l  +  (0„i,70,n)  ]  f(A.4) 


,7(r  +  l) 


or  1,  whichever  is  smaller 


(A.5) 
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Ai  =  nucleon  number 


(y\.6) 


-•X 

m 


9w 


a  =  (the  fine  structure  constant)  =  1/137 

Omx  is  the  cut-off  angle  due  to  the  finite  size  of  the  nucleus  given  by  the  ratio  of 
the  reduced  de  Broglie  wavelength  of  the  electron  to  the  nuclear  radius.  Oui  is  the 
screening  angle  due  to  the  screening  of  the  nucleus  by  the  orbital  electrons  and  is 
given  by  the  ratio  of  the  reduced  de  Broglie  wavelength  to  the  atomic  radius. 

As  indicated  in  Eq.  A. 4,  T{u)  is  the  sum  of  the  mean  square  angle  scattering 
contributions  from  each  neutral  atmospheric  constituent.  Mean  square  angle  scat¬ 
tering  for  each  constituent  is  proportional  to  its  respective  density  and  the  square 
of  the  nucleus  charge  number.  For  a  narrow,  well  focused  beam,  the  integral  in  Eq. 
A. 3  completely  dominates  radial  e.xpansion  and  need  be  the  only  term  considered. 
The  integral  weights  scattering  that  occurs  early,  along  the  path  of  the  beam,  more 
heavily  than  scattering  occurring  near  the  end  of  the  integration  path. 

Figure  A.l  shows  the  predicted  rms  beam  radius,  assuming  an  initially  narrow 
(1  cm  radius)  5  MeV  beam  focused  at  infinity  with  no  magnetic  field,  as  it  traverses 
vertically  down  from  an  altitude  of  119  km.  As  seen,  the  beam  spread  due  to  elastic 
scattering  would  be  substantial;  well  beyond  the  gyroradius  for  a  5  MeV  electron  (602 
m).  The  somewhat  surprising  result  here  is  that  significant  beam  spread  is  predicted 
to  occur  even  due  to  the  scattering  levels  present  in  the  highest  altitude  portion  of 
the  beam  path  where  collisions  are  the  most  infrequent.  For  example,  in  transiting 
from  119  to  118  kin.  7’(»)  has  the  average  value 


7'(u)  =  I'o  =  1.26  X  10  '^rnrl^lin 


(.4.7) 


In  transiting  one  kilometer  the  rms  angular  si)rea(l  of  an  initially  columnar  beam 
wonhl  thus  iricrea.se  to  ap]n'oxiinalely  I  milliradian.  W'il  hoiit  any  additional  scat  tc-ring 
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collisions,  this  angular  spread  would  cause  the  average  beam  radius  to  increase  to 
approximately  80  m  after  penetrating  down  to  a  depth  near  40  km;  substantially  less 
than  a  gyroradius.  If  instead,  T[u)  wa^  maintained  at  the  value  in  Eq.  A. 7,  the 
integral  in  Eq.  A. 3  could  be  straightforwardly  solved  resulting  in  an  approximate 
mean  square  radius  of 

7~{s)=^-s^To  (/1.8) 

which  when  evaluated  at  maximum  range  gives  an  rms  radius  of  460  m.  However, 
since  the  beam  must  penetrate  at  least  ten  scale  heights  down  to  40  km  (for  a  5  MeV 
beam),  T[u)  will  increase  correspondingly  and  so  would  the  rms  radius  as  shown  in 
Eigure  A.l,  without  the  presence  of  the  magnetic  field.  Placement  of  the  beam  source 
at  higher  or  lower  altitudes  would  modify  the  integrated  mean  square  scattering  and 
therefore  the  resulting  radial  spread  shown  in  Figure  A.l. 

Even  with  the  reduced  scattering  cross-section  of  a  relativistic  electron  beam,  each 
primary  electron  experiences  many  elastic  small  angle  scattering  events  as  it  pene¬ 
trates  through  the  atmosphere  [Maehlum,  1970].  This  will  cause  substantial  spread 
in  the  angular  distribution  function  describing  the  primary  beam  flux,  even  for  the 
case  of  a  focused  narrow  beam,  directed  down  the  magnetic  field.  Therefore,  without 
the  presence  of  the  magnetic  field,  it  would  not  be  possible  to  keep  a  narrow,  focused 
relativistic  electron  beam  from  having  significant  radial  diffusion  as  it.  penetrated  the 
atmosphere. 

The  problem  of  specifically  including  the  confining  effect  of  the  magnetic  field’s 
Lorentz  force  with  the  statistical  behavior  of  the  electrons,  due  to  clastic  and  inelastic 
collisions,  is  much  more  complicated,  most  likely  requiring  the  methods  of  Walt  it 
III.  [1967],  Wtddf  [1970],  or  Maeda  [1965],  However,  it  is  probably  safe  to  assume 
that  the  electron  beam  will  not  spread  to  mucli  beyond  a  gyroradius,  following  the 
results  of  Walt  id  al.  [1967],  at  least  until  the  beam  penetrates  sufficiently  d(’ep  into 
the  atmosphere  where  large  angle  scattering  collisions  become  significant. 

riiere  are  several  assumptions  that  have  t)e('n  made  in  g('uerating  tin'  abo\'e.  Poi' 
example,  stiaggling  and  reflection  effects  have  n<jt  been  inclinhal  (.Although  most  re- 


flections  tend  to  conne  from  deep  along  the  electron  path  [Maehlum,  1970  and  Walt, 
1967]).  In  the  above  analysis  it  has  been  implicitly  assumed  that  the  primary  elec¬ 
trons,  having  identical  initial  conditions,  all  penetrate  to  the  same  final  altitude.  In 
actuality,  different  primary  electrons  in  the  beam  will  penetrate  to  different  altitudes 
and  possibly  be  reflected  based  on  their  unique  collision  history.  This  would  have 
the  effect  of  spreading  out  the  very  pronounced  peaks  that  occur  at  the  end  of  the 
beam  penetration  in  Figure  4.5  over  several  kilometers  or  to  reduce  the  incident  flux 
somewhat. 

We  have  also  assumed  that  all  secondary  electrons  produced,  which  on  the  average 
have  sufficient  energy  to  produce  approximately  two  additional  ion-electron  pairs, 
will  stay  within  the  same  location  where  it  was  initially  generated.  However,  it  can 
easily  move  along  the  magnetic  field  lines  within  a  mean  free  path  before  generating 
additional  ionization.  This  will  also  have  the  tendency  to  reduce  and  broaden  the 
pronounced  peak  observed  at  beam  termination  in  Figure  4.5. 

Finally,  under  certain  conditions  it  is  predicted  that  the  mean  square  scattering 
angle  will  reach  an  equilibrium  value,  so  that  much  beyond  0.3  to  0.5  of  the  mass 
weighted  range  the  electrons  will  reach  a  state  of  full  diffusion  and  a  rms  value  of 
approximately  45°  [ICRU  ^35].  The  explanation  for  this  is  that  electrons  scattered 
over  larger  angles  are  rapidly  lost  from  the  beam  so  that  the  largest  depths  are 
only  reached  by  electrons  with  nearly  straight  paths.  However,  for  the  case  under 
consideration  here,  the  stated  mass  weighted  range  is  only  reached  at  approximately 
the  last  atmospheric  scale  height.  Further,  the  effect  of  a  confining  magnetic  field  was 
apparently  not  considered,  which  should  prevent  large-angle  scattered  electrons  from 
moving  more  than  a  gyroradius  away  and  leaving  the  beam. 

lo  summarize,  the  neutral  atmospheric  densities  in  the  me.sospheric  and  strato¬ 
spheric  altitudes  under  consideration  here  are  sufficient  to  cause  enough  angular 
spread,  on  an  initially  narrow  electron  b(;am,  such  that  without  the  presence  of  the 
magnetic  field  there  would  be  substantial  radial  diffusion  of  the  beam  flux.  The  elastic 
collisional  effect  can  be  thought  of  as  random  walk  of  the  primary  electron  guiding 
center.  I’herefore,  for  a  first  order  estimate  of  the  column  ionization  density,  we 
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would  propose  to  use  the  initial  beam  energy  gyroradius  to  set  the  primary  electron 
flux  and  further  assume  that  the  flux  is  uniformly  distributed  within  this  gyroradius. 
This  is  the  gyroradius  curve  (curve  B)  of  Figure  4.5  where  a  much  narrower  column 
radius  (0.5  m)  is  also  included  (curve  C).  In  practice  we  would  expect  to  see  the 
actual  ionization  enhancement  start  with  values  near  the  0.5m  curve  and  then  move 
towards  the  gyroradius  curve  as  the  beam  penetrated  into  the  atmosphere.  .\i  the 
end  of  beam  penetration,  it  may  also  be  that  the  primary  electron  beam  will  diffuse 
slightly  beyond  a  gyroradius,  causing  the  resulting  ionization  density  to  dip  below  the 
gyroradius  curve.  Finally,  we  would  expect  that  a  variety  of  effects,  such  as  electron 
straggling,  will  tend  to  broaden  and  reduce  the  peak  levels  of  ionization  predicted  at 
the  end  of  beam  penetration  in  Figure  4.5. 
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4.8.  Appendix  B:  Relocation  of  Ionized  Column  to  Uniform  Potential 

Consider  the  ionized  column  in  Figure  B.l  and  the  initial  ambient  potential  profde 
in  Figure  B.2. 


Shuttle  orbit  height 


Figure  B.l.  Ionized  column  in  the  ionosphere. 


The  governing  equations  in  the  column  are 


V  ■  E  —  —nejeo  ) 


dn 

'Ft 


— V  ■  nv 


where  n  and  v  are  the  electron  density  and  velocity,  respectively,  and 


dv  kTVti 

—  =  -t]E  - - j/r  =  0 

at  m.n 


(B.2) 


(B..3) 


A.  Solution  for  /^  >>  plasma  frequency 

In  this  case  vve  can  ignore  the  term  on  the  left  hand  side  of  Eq.  (B..3).  Rearranging 
(B.3)  then  gives 


\sl 


nrfE  kT'^n 
u  i/m 


{BA) 


Substituting  this  in  (B.2)  gives 


dn  nr)E  kT 

at  u  i/m 


iB.5) 


Now  we  substitute  (1)  to  get 


Final  ionospheric  potential  profile 


Initial  ionospheric  potential  profile 


Figure  B.2.  Initial  and  final  ionospheric  potential  particles. 


at  e  V  i/m  e 


(B.Q) 


Rearranging  gives 


or 


~S7  ■  E  =  -V  ■  ^E+  -^V-V  ■  £  =  0 

at  u  V 


One  possible  solution  is 


I  (}E  ^  >  1 


at  u  V 


Let  us  assume  a  one-dimensional  solution  in  the  z-direction  so  that 


If  we  also  assume  an  initial  beam  profile 


=  -Az  +  B 


E,  =  /I 


then  the  solution  to  (B.IO)  is 


E,  =  Ae  "/“p 


i.e.,  the  E^  field  relaxes  to  zero  in  a  characteristic  time,  equal  to  i/ j 
If  V  is  sec~’  and  u.’,,  is  10*’  sec~'.  then 


'  o  —  •> 

^'p 
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B.  Solution  for  general  case 

In  the  general  case  the  governing  equations  are 


V  ■  E  ~  —nelto 


(R13) 


dn 

—  =  -noV  •  V 

at 


(B.U) 


dv  „k.T 

Uo-TT  =  —vnoE - Vn  —  riouv 

at  m 


(5.15) 


Faking  the  divergence  of  (B.15)  gives 


d  kT  2 

iT’o'Tr'^  ■  V  =  —rjrio'V  ■  E - V  n  -  riovV  •  v 

at  m 


(5.16) 


If  we  rewrite  (B.13)  as 


n  =  --V-  5, 
e 


(5.17) 


and  substitute  it  into  (B.14),  we  obtain 


„  \  On  I  d  f  eo\^  Co  d  ^ 

V  u  — - —  — - oiTl”  jVE—  V  •  E 

iio  at  nodt\  e  /  erio  at 


(5.18) 


Substituting  (B.17)  and  (B.18)  into  (B.16)  yields  the  equation 


— ^  ^  ■  E  -  noiy--§-V  ■  E  (5.19) 

at  en„  at  m  r  eUg  at 


or,  in  simpler  form. 


—  ^^u.-;f:  +  v;VE-u^ 


Let  E  =  AE{t) 
Then 


d~E  dE 

dt^  dt  -  -^'v^  ^ 


d'^E 

or- 


dE  •>- 

+  ^  Ql  +^'p^  -  0 


If  1/  >  2uip,  then 


E  = 


‘'+\A 


-^U'p 

]l 


If  <  2a’p,  then 


E  =  Ac 


If  V  >>  2a’p,  then 


E  =  /k 


This  corresponds  to  Lrin.  (IM2). 


5.  ION  AND  PLASMA  BEAMS 
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5.1.  Previous  Space  Experiments 

Our  literature  search  has  not  turned  up  any  published  accounts  of  space  experi 
merits  involving  non-neutral  beams  of  ions,  iiositive  or  negative  (howi'ver.  see  j).  bfb); 
here  ‘non-neutral  beams’  means  beams  in  which  the  electric  space  eharge  of  the  posi¬ 
tive  or  negative  ions  is  not  neutralized  by  the  emission  of  equal  numbers  of  oppositely 
charged  particles  from  the  sources  of  the  bi'ams.  Probably  the  main  reason  for  the 
lack  of  interest  in  such  experiments  is  that  no  scientific  objectives  liave  been  pro¬ 
posed  for  them  that  could  not  be  attained  more  readily  using  cither  electron  beams, 
as  described  above,  or  plasma  beams,  as  will  be  described  below.  Otlu'r  reasons  are 
technological:  ion  beams  are  relatively  difficult  to  produce  and  to  use.  klectrons  can 
be  extracted  simply  from  a  heated  cathode,  which  need  be  no  more  than  a  simple 
filament  of  a  refractory  metal  such  as  tungsten.  Positive  ions,  howewer,  ari'  generall}' 
produced  by  extraction  from  gas  discharges.  It  is  possible  to  extract  ions  from  heated 
solid  cathodes,  but  these  have  to  have  relatively  complicated  structures  if  they  are  to 
avoid  being  eroded  in  the  process.  Negative  ions,  which  are  less  stable  than  positivi' 
ions,  are  even  more  difficult  to  produce  in  quantity. 

Moreover,  the  use  of  intense  non-neutral  jiositive  ion  beams  in  spaci'  ex])eriments 
would  create  a  severe  problem  of  spacecraft  neut  ralization.  For  a  given  beam  current, 
passive  neutralization  (i.e.,  neutralization  by  charge  deposition  ''ui  the  ambient 
plasma  onto  any  conducting  outer  surfaces  of  the  spacecraft  body)  is  mori'  difficult  to 
achieve  when  the  beam  is  of  positive  ions,  because  the  body  is  then  required  to  collect 
ionospheric  positive  ions  instead  of  the  much  more  mobile  ionospheric  electrons.  It 
is  true  that  the  sam<'  problem  would  not  arise  with  negative  ion  Ixvims.  but  their 
advantage  in  this  res|)ect  would  be  outweighed  by  t  he  greater  difficult  \  ul  producing 
t  h<'m. 

Seeminglv,  thei-efore.  space  ex|)('riment at  ion  wit  h  intense  non-neiit  ral  posit  iv('  ion 
beams  would  entail  the  us<*  of  act  ive  met  hods  lor  spaci'cralt  neutralization.  One  sm  h 
method  might  be  to  im  bark  a  sejiarate  electron  beam  source,  and  to  arrangt'  for  it 
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lo  emit  an  electron  current  equal  in  magnitude  to  the  positive  ion  current.  However, 
(piite  apart  from  the  technological  inconvenience  of  having  two  separate  and  different 
sources  of  particle  beams  on  the  same  spacecraft,  this  arrangement  would  be  open  to 
the  scientific  objection  that  the  effects  caused  by  the  two  beams  might  be  difficult  to 
distinguish  from  each  other. 

A.  much  simpler  active  method  for  neutralization  of  a  spacecraft  carrying  a  source 
of  energetic  positive  ions  is  to  arrange  for  an  equal  number  of  electrons  to  be  emitted 
from  the  same  source.  In  other  words,  the  source  emits  a  plasma  beam  instead  of 
an  ion  beam.  When  the  ion  and  electron  sources  are  separate,  space  charge  limits 
the  currents  —  and  hence  the  particle  fluxes  --  of  both  species.  But  when  the  two 
sources  are  co'  'bined,  the  space  charges  due  to  the  two  particle  species  neutralize 
one  another,  with  the  result  that  very  much  greater  fluxes  can  be  emitted.  Thus, 
for  instance,  in  Table  1  the  largest  current  reported  for  an  electron  beam  is  0.8  A, 
whereas  in  Table  2  the  corresponding  figure  for  a  plasma  beam  is  1.6  kA. 

Of  course,  the  beam  emitted  from  a  plasma  source,  besides  having  no  net  space 
charge,  also  carries  no  net  current;  the  beam  is  said  to  be  current-neutral  as  well  as 
charge-neutral.  This  is  true,  at  least,  so  long  as  no  other  device,  such  as  an  electron 
beam  source  or  a  tethered  sub-payload,  is  bringing  current  to  the  spacecraft.  Thus 
the  source  emits  equal  and  opposite  ion  and  electron  currents,  and  the  figures  quoted 
in  the  last  column  of  Table  2  are  their  absolute  values. 


Whether  it  be  for  these  or  for  other  reason's,  all  the  space  experiments  performed 
up  to  now  with  energetic  ions  have  used  plas.na  beams  rather  than  non-neutral  ion 
beams.  A  list  of  those  performed  since  the  beginning  of  1975  is  given  in  Table  2. 
T  he  format  's  similar  to  that  of  Table  1,  except  that  the  nature  of  the  positive  ion  is 
^f)eciried  in  an  additional  column;  usually  the  ions  were  either  of  alkali  metals  such 
as  caesium,  or  of  inert  gases  such  as  argon. 

.Although  in  most  of  these  experiments  the  vehicles  were  rockets,  there  were  some 
f'xceptions.  The  Soviet  ‘Meteor’  experiment  was  performed  from  a  satellite  [Gr'eb- 
ii<  r  ft  al..  1981],  while  the  Japanese  SEPAC  experiment  was  part  of  the  Spacelab-l 
payload  on  the  NASA  Space  Sluittle  [Obayashi  d  al.,  1985].  Plasma  sources  were  also 


Table  1.  Space  experiments  with  electron  beams  of  energies  of  10  keV  or  more,  since  1-1-75 


TITLE 

DATE 

ALTITUDE 

ENERGY 

CURRENT 

ARAKS 

(1)  1-26-75 

(2)  2-15-75 

(1)  190  km 

(2)  185  km 

15  and 

27  Kev 

0,5  A 

ECHO  4 

1/31/76 

215  km 

40  keV 

0.1  A 

POLAR  5 

2/1/76 

110-220  km 

10  keV 

0.13  mA 

ELECTRON  2 

11/27/78 

120-192  km 

lOkeV 

0.01  -  0.1  mA 

ECHOS 

11/13/79 

100-120  km 

40  keV 

0.8  A 

ECHO  6 


3/30/83 


200  km 


10-36  keV 


Table  2.  Space  experiments  with  positive  ion  (plasma)  beams,  since  1  -1  -75 


TITLE 

DATE 

ALTITUDE 

ION 

ENERGY 

ARAKS 

(1)  1-26-75 

(2)  2-15-75 

(1)  190  km 

(2)  185  km 

Caesium 

50  eV 

ARIEL 

(1)  10-29-77 

(2) 10-30-77 

(3)  11-30-78 

(4)  11-18-79 

(1,2)  115-160  km 
(3,4)  110-145  km 

(1,4)  Barium 
(2,3)  Uncertain 

Uncertain 

METEOR 

1977-79 

850-900  km 

Xenon 

130  eV 

AELITA 

(1)  10-06-78 

(2)  10-25-79 

100-145  km 

Lithium 

4-10  eV 

PORCUPINE 

(1)  3-19-79 

(2)  3-31-79 

(1)  196-464  km 

(2)  191-451  km 

Xenon 

200  eV 

ARCS 

(1)  1-27-80 

(2)  11-14-82 

(1) 120-220  km 

(2)  120-451  km 

Argon 

(1) 25  eV 

(2)  33  eV 

SEPAC 

11-28-83 

240  km 

Argon 

110  eV 

ARCS  3 

2-10-85 

1 29-406  km 

Argon 

200  eV 

Uncertain 


embarked  on  the  geosynchronous  satellites  ATS-5,  ATS-6,  and  SCATHA,  but  these' 
experiments  have  not  been  listed  in  the  table  because  the  sources  concerned  were  too 
small  to  be  useful  for  ionospheric  modification. 

The  figures  quoted  for  the  energies  are  those  of  the  positive  ions.  The  correspond¬ 
ing  velocities  are,  of  course,  very  much  less  (by  the  square  root  of  the  mass  ratio)  than 
those  of  electrons  with  the  .same  energy.  In  the  SEPAC  experiment,  for  instance,  the 
velocity  of  the  110  eV  argon  ions  in  the  plasma  beam  was  about  23  km/s  [Sasaki  rl 
ai,  19S6b].  Since  the  beam  is  electrically  neutral,  the  bulk  velocity  of  the  electrons  in 
it  is  the  same  as  the  velocity  of  the  ions,  which  is  much  less  than  the  electron  thermal 
velocity.  Thus  the  neutralizing  electrons  are  thermal,  in  the  sense  that  their  energies 
are  essentially  those  of  their  random  thermal  motions:  usually  these  amount  just  to  a 
few  eV,  which  is  nevertheless  an  order  of  magnitude  greater  than  the  thermal  energies 
of  the  ambient  ionospheric  electrons. 

In  some  space  experiments,  a  plasma  source  was  put  on  board  the  spacecraft 
primarily  as  a  source  of  neutralizing  electrons  rather  than  of  energetic  ions.  This  was 
the  case,  for  instance,  in  Araks,  the  first  of  the  experiments  listed  in  Table  2.  Each 
of  the  .Araks  payloads  had  an  electron  gun  as  the  main  active  experimental  device 
(see  'Fable  1),  while  the  j)urpose  of  the  plasma  source  was  to  promote  neutralization 
during  the  electron  beam  emissions  [Morozov  ei  nl.,  1978;  Cambou,  1980].  The  source 
was  operate^  continuously,  and  the  |)lasma  was  ejected  more  or  less  perpendicularly 
to  the  local  magnetic  field,  so  that  it  tended  to  remain  Tiear  the  payload.  Thus  the 
payload  should  have  been  surroundec'  by  a  dense  cloud  of  hot  plasma,  from  which  it 
could  collect  neutralizing  electrons  more  readily  than  from  the  ambient  ionosplu're. 
Whether  the  plasma  source  actually  succeeded  in  restraining  the  excursions  of  i)ayload 
potential  is  not  clear  from  the  Araks  data  [Fiala,  1981].  On  the  other  hand,  the 
])lasma  sources  on  the  ATS-()  and  SOA'FllA  satellites  were  quite  successful  in  this 
K'spect  [[’urvis  aad  liartldt.  198U:  (lussrnliori  it  and  Mnlltn.  1983].  Plasma  soiiices 
userl  primai  ily  as  means  for  slaluli/ing  spacecraft  pota'utial  are  somc'liuK's  lelerred  to 
as  'jilasma  eoiitactcu’s' m  ■j)lasma  bndg('s'. 

In  all  the  remaining  experiments  listed  in  labh'  2.  the  plasma  source  its('ll  was 


the  main  active  experimental  device.  In  most  cases  it  operated  in  pulses  rather  than 
continuously,  so  that  comparison  could  be  made  between  the  effects  observed  with 
the  source  in  action  and  with  it  switched  off.  The  very  large  ion  current  used  in  the 
■SKP.AC  e.x'periment  was  emitted  in  i  ms  pulses,  separated  by  relatively  long  intervals; 
the  value  cpioted  for  the  current  has  been  estimated  from  the  published  figure  of  10*^ 
for  the  total  number  of  electron-ion  pairs  emitted  in  a  pulse  [Sasaki  et  ai,  1986]. 
The  power  was  supplied  from  a  capacitor  bank,  which  accumulated  electrical  energy 
relatively  slowly  and  then  discharged  it  impulsively  into  the  source;  the  discharge 
energy  was  2  kJ  [Ijichi  et  ai,  1981].  However,  some  of  the  other  experiments  used 
pufses  lasting  1  s  or  more,  approximating  continuous  operation.  In  the  Soviet  ‘Aelita’ 
experiments,  for  instance,  the  300  A  lithium  plasma  beam  was  emitted  in  pulses  2  s 
long  with  1  s  between  them;  the  resulting  plasma  clouds,  launched  into  the  ionosphere 
in  the  90  l-oO  km  altitude  range,  were  sufficiently  large  and  sufficiently  dense  to  be 
observable  by  radar  from  the  ground  [Sagdeev  et  ai,  1981]. 

The  scientific  objectives  of  most  of  these  experiments  were  to  study  the  propaga¬ 
tion  of  plasma  beams  through  tiie  ionospheric  plasma  in  the  presence  of  the  Earth’s 
magnetic  field.  The  theoretically  anticipated  behavior  depends  very  much  on  the 
direction  of  propagation  of  the  beam  relative  to  the  field:  it  is  very  different  for  the 
perpendicular  and  parallel  directions.  In  some  of  the  experiments  the  beam  was  di¬ 
rected  more  or  less  perpendicular  to  the  field,  and  in  others  more  or  less  parallel, 
depending  on  the  objectives.  The  theory  of  plasma  beam  propagation  and  the  effects 
that  have  been  observed  experimentally  are  disemssed  in  §5.3. 

5.2.  Ion  and  Plasma  Beam  Sources 

•'.2./.  Introduction 

.Sources  of  ion  beams  and  of  plasma  beams  are  far  more  diverse  than  sources  of 
electron  beams  are.  A  comprehensive  review  of  research  and  development  work  on  ion 
and  plasma  beam  sources  up  to  the  beginning  of  1973  has  been  published  by  Green 
[1971);  his  discussion  of  basic  principles  and  extensive  bibliography  are  especially 
valuable.  1  he  review  concentrates  on  the  production  of  beams  by  gaseous  discharges. 
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which  is  the  classical  method,  and  it  covers  the  three  main  aspects  of  the  subject :  t  hese 
are,  firstly,  the  actual  discharge  in  which  ions  of  the  species  needed  can  be  produced 
at  controlled  rates,  preferably  with  spatial  and  temi)oral  uniformity:  secondly,  the 
t'xtractiou  of  the  beam  from  the  discharge,  preferably  with  only  a  small  spread  in 
velocity:  and  thirdly,  the  transport  of  the  beam  away  from  the  .source,  in  the  possible 
lireseitco  of  strong  space-charge  forces.  We  now  discuss  briefly  these  three  aspects  of 
the  classical  discharge  source,  then  describe  some  alternative  plasma  sources,  many  of 
which  were  developed  originally  for  the  electric  propulsion  of  spacecraft  [Jalm.  19G8]. 
Finally  we  outline  the  progress  that  has  been  accomplished  in  developing  |)lasma 
sources  o\'er  tlu'  past  decarle. 


0.2.2.  6Vi.s  Dischnvfjc 

In  a  discharge,  neutral  gas  is  ionized  and  turned  into  plasma  by  bombardment 
with  energetic  electrons.  These  may  be  emitted  from  a  cathode,  which  generally  is 
heated  to  promote  emission.  Alternatively,  once  the  discharge  has  started,  they  may 
ive  electrons  liberated  by  the  ionization  of  the  gas.  In  either  case,  they  are  given 
energy  by  acceleration  in  electric  fields,  which  may  be  uni-directional  or  oscillatory. 
Rapidly  oscillating  radio-frequency  (RF)  fields  offer  the  advantage  of  not  driving  the 
electrons  systematically  towards  and  into  the  anode,  as  is  liable  to  happen  with  uni¬ 
directional  fields:  thus  the  electrons  remain  in  contact  longer  with  the  neutral  gas, 
and  have  a  Ix'tter  chance  of  making  ionizing  collisions. 

do  this  same  end.  in  .sources  energized  by  uni-directional  electric  fields,  magnetic 
fields  are  often  used  to  confine  the  electrons  and  thus  slop  them  from  moving  prompt  ly 
U.)  the  anode.  Oik’  family  of  sources  of  this  kind  is  based  on  the  princi{)lc  of  the 
Peiiibmg  Ionization  fluage  (PlCl),  otherwise  known  as  the  reflex  discharge  source.  In 
its  simplest  form,  t  he  Pl( I  has  axial  synuTietry.  and  a  uniform  magnet ic  field  is  applit'd 
parallel  to  its  axis.  1  his  field  i)revenls  the  electrons  from  ('scaping  radially,  while  they 
aif'  i)t'('vcii; ed  from  escajring  axially  by  means  of  two  negatively  biased  circular  disks, 
one  .it  ea(  h  end  of  the  discharge,  whic  h  face  otie  another  and  form  tin*  cathodes.  1  he 
aiKxle  is  a  cylinder,  whic  h  often  forms  the  oulei  wall  ol  the  dc'vicc'.  d  he  "irigatron' 


aiul  'cluopigatron'  are  examples  of  sources  that  use  this  principle;  other  varieties,  such 
as  the  ‘tluojilasmatron',  also  use  confining  magnetic  fields  but  in  dilferent  ways. 

■5.J..A  B(am  Fitrartinn 

.■\t  the  instant  when  it  is  formed  in  a  gas  discharge,  a  positive  ion  has  just  the 
random  thermal  velocity  of  its  neutral  parent  i)article,  and  for  some  purposes  this 
velocity  would  be  quite  sufficient.  If,  for  instance,  the  source  is  to  be  used  as  a  plasma 
contactor,  then  there  is  no  need  for  the  plrisma  to  emerge  as  a  directed  beam,  so 
long  as  the  emitted  ion  and  electron  currents  exceed  the  value  required  for  spacecraft 
neutralization.  Indeed,  it  is  better  that  the  plasma  should  emerge  slowly  and  diffusely, 
so  as  to  form  a  dense  cloud  around  the  spacecraft.  Hence  a  plasma  contactor  may 
consist  simply  of  a  gas  discharge  tube,  for  example  of  the  hollow  cathode  type,  with  a 
hole-  at  one  end  to  let  the  plasma  out.  If  the  discharge  is  produced  by  means  of  an  RF 
field,  the  ions  will  emerge  at  their  thermal  velocities  corresponding  to  the  temperature 
of  the  gas  in  the  source:  a  particularly  efficient  type  of  RF  plasma  source  has  been 
developed  recently  by  Boswell  [1984]. 

However,  if  a  static  electric  field  is  used  to  produce  the  discharge,  then  the  average 
velocity  of  the  emergent  ions,  and  the  spread  in  their  velocities  around  the  average, 
are  generally  much  greater  than  the  ion  thermal  velocity  at  the  temperature  of  the  gas 
in  the  source.  The  reason  for  this  is  the  existence,  within  the  discharge,  of  variations 
of  electric  potential  from  point  to  point.  Besides  its  thermal  kinetic  energy,  an  ion 
acciuires  additional  kinetic  energy  equal  to  the  difference  between  the  potential  of  the 
p(hnt  in  the  discharge  where  it  was  formed,  and  the  potential  of  the  ambient  plasma, 
riius.  for  instance,  the  ion  gun  used  in  the  ARCS  1  and  2  experiments  consisted  of  a 
hollow-catliode  discharge,  in  which  electrons  from  a  filament  were  accelerated  towards 
a  cylindrical  anode  on  the  axis,  while  being  confined  by  a  coaxial  magnetic  field.  The 
ions,  which  had  radii  of  gyration  greater  than  the  dimensions  of  the  source,  were  not 
confined.  The  ion  beam  had  a  60°  cone  angle,  and  a  distribution  in  energy  with  a 
lull  width  at  half  maximum  of  approximately  26%  centered  on  an  energy  of  25-30 
eV.  when  60  V  were  applied  to  the  anode  [Moore  el  ni,  1982,  1983;  h’aufmann  et  ai, 
lOMoj:  a  similar  type  of  source,  but  producing  a  200  eV  ion  beam,  was  u.sed  in  ARCS 
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[I'.'rlatubon  tt  ai.  1987],  .\\‘v<nl licloss,  <‘v<'ii  ihoiigh  these  mcrgii's  are  one  oj  i  iV(; 
orders  of  magnitude  greater  than  t  lie  ion  tlierinal  energy,  it  is  still  the  uni  thermal 
velocity  that  gos’erns  the  tlux,  or  current,  ot  the  emi'rgent  ions,  as  we  shall  see  in  a 
moment. 

A  source  operated  as  described  above  luoduces  a  broad  beam  of  ions,  but  for 
man\'  purposi^s.  such  as  spac<.'cralt  propulsion,  a  directed  beam  is  reipiired.  I  his 
metms  that  additional  vidocity  in  one  direction  must  be  imiiaited  to  the  ions  as  they 
emerge  from  the  source,  and  the  simplest  way  to  do  so  is  with  an  electric  held,  loiis 
can  be  extracted  Iroin  the  plasma  and  acciderated  liy  applying  a  negative  potential 
to  an  ('xternal  elect  rode. 

.Xeedless  to  say,  ctire  must  be  taken  to  ensure  that  the  extracted  ions  are  not  a.ll 
collected  by  this  edectrodex  1  In'  usual  precaution  is  to  emplov  an  ehsUiode  with  oik' 
or  more  liolt-s  in  it,  through  which,  tin*  ions  pass.  In  the  limit,  the  elect  nale  can  be 
a  tliin  mesh  grid,  the  holes  in  which  have  a  much  greater  total  area  than  the  wires 
ot  the  grid,  in  which  case  only  a  small  fraction  of  the  exlracleil  ions  iMids  up  on  t  he 
wires. 


There  is.  however,  a  limit  to  the  density  of  tlu'  enrrent  that  can  be  drawn  from  the 
jdasma  in  this  way.  On  account  of  the  shielding  act  ion  of  1  he  eh'ct  rons.  an  (dectric  firdd 
applied  to  the  surface  of  a  plasma  dor's  not  normally  ])en('trate  deeply;  its  influence 
is  limited  to  a  thin  layer  at  the  surface  of  the  plasma,  just  a  lew  Di'hye  lengths  thick, 
whifh  is  calk'd  thc'  don  sheath'  l>r'<'aus('  it  conttiins  more  ions  than  ('h'ctrons.  In  the 
bulk  plasm.i  the  imi  and  electron  concentrations  are  ef]ual.  ,md  tin'  hiudily  mobih' 
electrons  normal!\'  kt'C])  the  eh'ctric  field  small.  The  conserpn'nre  is  that  while  tin' 
irotential  ajrfilied  to  tin'  ('Xtraction  ek'ctrorle  govr'ins  t  lie  ('iiergy  of  tin'  ion  heam,  it 
has  very  little  etieej  <ni  the  beam  <nrr<'nt  dr'iisity.  Once  the  ions  ha\{'  enti'rr'fl  the 
phiuiia,  iliealli.  tlii  y  a.re  ai'ciderat <•<!  i)y  the  exIernalK'  applied  tield.  but  t  ln'\'  come 
iw  tin  diealli  ir"m  the  bulk  |>lasma  only  with  tlndr  iheinial  \'elocit  it's.  I  1ms  tlie 
■  iiil.ni'  rk'ii^it  ,  ./;  ol  the  ion  current  entering  the  ''lieaili  lioiii  the  bulk  |dasma  is 
a  ppi  I  c:  i  m.'ii '  I 
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where  e  is  the  elementary  charge,  n,  is  the  ion  concentration  in  the  plasma,  and  v,  is 
the  ion  thermal  velocity: 


Here  k  is  Boltzmann’s  constant,  7,  is  the  ion  temperature,  and  M,  the  mass  of  an 
ion.  J,  is  the  maximum  beam  current  density  that  can  be  extracted,  unless  some 
method  can  be  found  for  accelerating  the  ions  within  the  plasma  itself.  Some  sources 
that  employ  such  methods  will  be  described  in  §5.2.5.  First,  however,  we  discuss  the 
transport  of  an  ion  beam  extracted  from  a  gas  di.scharge  by  means  of  an  electric  field. 

•7.2.^.  Bearn  Transport 

We  now  consider  how  the  quality  of  the  beami  can  be  preserved  as  it  is  trans¬ 
ported  away  from  the  source.  At  the  outlet  from  the  discharge,  the  negatively  biased 
electrode  that  attracts  the  ions  also  repels  the  electrons,  so  initially  the  beam  consists 
entirely  of  ions.  Since  these  repel  one  another  electrostatically,  the  emerging  ion  beam 
would  expand  rapidly  as  it  receded  from  the  source,  if  no  steps  were  taken  to  prevent 
this  from  happening.  Close  to  the  source,  the  beam  can  be  focused  by  electric  or  mag¬ 
netic  fields,  but  once  it  has  left  their  influence,  the  only  effective  way  of  preventing  it 
from  expanding  is  to  neutralize  its  space  charge.  When  the  source  is  being  operated 
in  the  ionosphere,  neutralization  can  occur  naturally,  by  influx  of  ionospheric  elec¬ 
trons.  This  process  cannot  be  relied  on,  however,  unless  the  ion  concentration  in  the 
beam  is  of  the  order  of  or  less  than  the  electron  concentration  in  the  ambient  plasma. 
•Moreover,  even  vhen  natural  beam  neutralization  is  feasible,  reliance  upon  it  would 
still  leave  the  problem  of  how  to  neutralize  the  spacecraft  carrying  the  source. 

lor  these  reasons,  some  of  which  we  already  noted  in  §5.1,  arrangements  are 
often  made  to  neutralize  the  ion  beam  artificially  as  it  emerges  from  the  source, 
thus  transforming  it  into  a  plasma  beam.  The  simplest  arrangement  is  to  place  an 
electrically  heated  and  negatively  biased  filament  in  the  path  of  the  beam,  beyond 
the  extraction  electrode;  this  hot  cathode  emits  thermal  electrons,  which  neutralize 
the  beam.  If  the  beam  is  intense,  however,  bombardment  by  the  ions  may  overheat 


and  destroy  the  cathode.  Hence  it  is  often  better  to  place  the  cathode  off  to  one  side, 
or  to  use  a  cathode  in  the  form  of  a  ring  surrounding  the  beam. 

.Magnetic  fields  exacerbate  the  proltlem  of  beam  neutralization.  When  the  source 
is  of  the  type  that  employs  a  magnetic  field  to  confine  the  electrons  in  the  discharge, 
care  must  be  taken  to  keep  this  field  away  from  the  neutralizer,  so  that  the  thermally 
emitted  electrons  are  not  confined  as  well.  Moreover,  even  when  the  beam  has  escaped 
from  its  source  entirely,  the  Earth's  magnetic  field  is  still  to  be  reckoned  with,  sinc<’ 
it  hinders  the  neutralizing  electrons  in  their  attempt  to  follow  the  ions.  The  influence* 
(d  the  Earth's  fiedd  on  plasma  beatn  propagation  will  be  mentioned  again  in  ^5.3. 

Alt<  ru(ittr(  Sourn^ 

We  now  describe  briefly  various  alternative  types  of  plasma  source,  all  of  which 
produce'  a  directed  [tlasma  beam  without  using  an  extraction  electrode,  and  are  ca¬ 
pable  of  yie'leling  ion  current  de-nsities  higher  than  that  given  by  equation  (5.1). 

In  the  type'  of  source  ktiown  as  an  (‘lectrothcrmal  accelerator,  or  arejet,  these 
results  ar('  achie've'd  by  means  of  an  intensely  hot  electric  discharge,  sustained  at 
sufficiently  high  pressure  for  the  gas  to  be  thoroughly  ccllisional  [Tuezek.  1967],  .An 
arejet  is  basically  a  rocket  motor  in  which  the  propellant  is  heated  electrically  instead 
of  being  burned.  Usually  the  propellant  is  an  inert  gas.  which  is  both  heated  and 
ionized  by  an  electric  arc.  Since  the  gas  is  collisional,  it  accelerates  to  supersonic 
speeds,  much  greater  than  the  ion  thermal  speed,  as  it  emerges  through  the  nozzle 
of  the  source.  Such  devices  form  quite*  efficient  thrusters,  but  are  not  very  efficient 
as  plasma  sources  because  the  propellant  gas  is  only  slightly  ionized.  Their  efficiency 
as  plasma  sources  can  be  tnuch  improved  by  using,  instead  of  an  inert  gas,  the  va]>or 
of  soiiie  alkali  metal  such  as  caesium,  which  has  a  very  low  ionization  potential  (.'1.9 
e\'):  the  |;lasma  contactor  used  in  th('  .Araks  rocket  ('Xpcrimt'iit s  was  of  this  variety 
[Morozoi!  f  t  (il.  1  !)7.Sj. 

In  most  of  t  he  ot  her  types  of  source  that  we  shall  ikav  discuss,  t  he  ))lasma  is  accel¬ 
erated  and  formed  intx)  a  beam  by  eleet romazuet ic  fi('lds  acting  within  the  dischaigt' 
itself,  .Vlanv  dilfei'ent  types  of  source  have  been  built  using  this  g('neral  principle. 


One  way  of  classifying  tliem  is  according  to  whether  they  use  static  or  time- varying 
fields;  the  latter  may  be  pulsed  or  oscillatory.  We  shall  consider  these  various  types 
in  turn. 

In  electromagnetic  plasma  beam  sources  using  static  electric  and  magnetic  fields, 
these  fields  fill  the  whole  volume  of  the  discharge,  and  the  plasma  is  expelled  by  the 
j  X  B  motive  force.  The  electric  field  E  is  more  or  less  perpendicular  to  the  magnetic 
field  B  at  all  points;  the  parallel  component  of  E  is  relatively  small  because  the 
plasma  conducts  so  well  in  this  direction.  The  design  of  such  a  source  depends  on 
the  gas  pressure  at  which  it  is  intended  to  operate,  since  this  variable  governs  the 
electron-neutral  collision  frequency,  and  hence  the  ratio  of  the  transverse  direct  (or 
Pedersen)  conductivity  to  the  Hall  conductivity. 

In  sources  operating  at  the  highest  pressures,  the  Pedersen  conductivity  domi¬ 
nates.  so  the  current  j  is  more  or  less  parallel  to  the  electric  field  E.  The  simplest 
design  has  the  gas  flowing  in  a  conduit  with  a  rectangular  cross-section.  Two  opposite 
walls  of  the  conduit  are  electrodes,  between  which  an  electric  field  is  applied,  creating 
a  discharge  and  ionizing  the  gas.  The  other  pair  of  walls  are  the  poles  of  an  electro¬ 
magnet.  or  permanent  magnet,  which  create  a  static  magnetic  field  perpendicular  to 
the  electric  field.  The  j  x  B  force  drives  the  plasma  along  the  conduit  and  out  of  the 
end  into  space.  This  design  of  source.  sometim('s  called  a  ‘Faraday-type  crossed-field 
accelerator',  may  be  regarded  as  a  classical  magnetohydrodynamic  (MHD)  electric 
power  generator  run  in  reverse,  i.e..  it  is  being  supplied  with  power  and  used  as  a 
motor. 

.\  di.sadvantage  of  the  simple  cro.s.sed- field  acciderator  is  its  lack  of  axial  symmetry, 
and  this  is  overcome  in  a  more  elaborate  design  known  as  the  'magnetoplasmadynamic 
ar'  iet'.  F.ssentially  an  MPD  arejet  is  a  hollow-cathode  discharge  source,  in  which  an 
air  is  struck  between  a  cylindrical  rod  anode  on  the  axis,  and  a  hollow  cylindrical 
cathode  forming  the  outer  wall  of  the  device.  Its  distinctive  feature  is  that  the  current 
flowing  axially  along  the  anode  is  large  enough  to  create  a  strong  azimuthal  magnetic 
field  in  the  discharge  space  between  the  anode  and  tlu'  cathode.  This  azimuthal  field, 
crossefl  with  the  radial  discharge  current,  yields  the  propulsive  force  along  the  axis. 
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Since  this  force  is  proportional  to  the  scpiare  of  the  current,  an  MPD  arcjet  works 
best  at  high  currents.  The  plasma  source  used  in  the  Japanese  SKPAC  e.xperiinent  on 
Spacelab-1  was  of  this  kind  [Obnyushi  (t  al.,  1!)85];  pulsed  power  supply  jjiovided 
the  very  high  current  required,  in  jjulses  1  ms  long.  The  even  more  powerful  quasi- 
continuous  source  used  in  the  Soviet  .Aelita  rocket  e.xperiments  was  also  an  .MPl) 
arcj('t.  with  tlu'  particularity  that  the  lithium  vapor  for  the  plasma  was  eva|)orated. 
by  the  heat  of  the  arc,  from  a  button  of  lithium  metal  attached  to  the  <'nd  of  the 
anode  rod  [Dorodnov,  1978;  Saydifv  ft  ai,  1981].  Like  the  straightforward  arcjets 
mentioned  abov('.  MfT)  arcjets  expel  much  neutral  gas  along  with  the  jet  of  plasma. 

I'or  ])roducing  a  plasma  jet  with  relatively  few  neutrals,  the  so-called  ‘Hall-efTect 
accelerator'  is  su[)erior.  Its  ])rinciple,  indeed,  assumes  a  discharge  plasma  in  which 
collisions  between  charged  and  neutral  particles  are  rare.  Once  again,  static  electric 
and  magnetic  fields  are  api)li('d  to  tlx*  plasma  in  directions  perpendicular  to  one 
another.  I  he  eh'ctric  field  E.  which  is  created  by  an  extraction  electrode,  is  more 
or  less  parallel  to  the  axis  of  the  device.  The  strength  of  the  magnetic  field  B  is 
such  that  the  particle  g\ro-radii.  in  comparison  with  the  dimensions  of  the  device, 
are  small  for  the  (dectrons  but  large  for  tlx'  bins.  Hence  the  electrons  are  tied  to  the 
field  lines,  and  drift  in  the  direction  of  E  x  B.  carrying  the  Hall  current.  They  cannot 
move  in  the  direction  of  E  to  neutrali'/e  this  lield.  as  they  would  if  B  were  not  there, 
so  E  permeates  the  plasma  instead  of  being  localized  in  a  sheath  at  its  surface.  The 
iiuis.  which  are  almost  unaffected  by  B,  are  acceleraterl  by  E  and  extracted  from  the 
jdasina.  I  he  ions  formed  at  different  points  accpiire  different  kinetic  energies  from 
the  electric  liehl.  so  they  emerge  from  the  plasma  widely  spread  in  energy.  Since  the 
[dasma  elect  rcuis  cannot  follow  them,  oth<‘r  <'lectrons  have  to  be  fed  into  the  emergent 
ion  beam  from  a  neutralizer,  as  was  described  in  §.5.2. 1. 

We  shall  deal  (.lily  very  briefly  with  plasma  sources  in  which  pulsed  ur  oscillator}’ 
elect  rmnagnet  i(  fields  are  used  to  acc<’lerate  the  plasma.  .Mcjst  of  them  rely  on  tlu’ 
fact  that  a  t  imc-varying  maginUic  field  cannot  reaflil}’  penetrate'  into  a  highl\’  ionized 
|>lasma  'iiai  eontains  no  i’lagiu'tic  field  initially.  It  is  k('pt  out  by  ('lectric  cui’rents 
induced  (Ml  the  aiiface  of  the  phi.-.i.iM,  .and  tlx'ir  inli'i'action  with  the  lield  cre'ate's  a 


j  X  B  forc  e  (the  ‘magnet  ie  prc'ssure')  pushing  the  plasma  away  from  the  region  of  space 
occupied  by  the  held.  ‘Plasma  rail-guns'  and  ‘conical  theta-i)inches’  are  examples  of 
pulsed  sources  based  on  this  principle  [Tucztk,  1967].  In  a  similar  way,  ‘traveling- wave 
accelerators'  use  RF  hclds  to  expel  a  stream  of  plasma  blobs  [Heflinger  el  ai,  1965; 
Jahn.  1968].  For  more  complete  information  about  these  types  of  source,  the  reader 
should  consult  the  publications  cited. 

The  pulses  or  blobs  of  plasma  that  these  sources  emit  arc  often  referred  to  as 
"plasmoids".  If  their  electric  conductivity  were  perfect,  then  the  magnetic  fields  that 
propel  them  would  not  penetrate  into  them  at  all.  In  practice,  the  plasma  has  some 
resistivity,  with  the  result  that  partial  penetration  occurs  and  the  emergent  plasma 
blobs  have  some  magnetic  Held  embedded  in  them.  With  certain  types  of  pulsed 
source,  such  as  the  coaxial  plasma  gun  or  ‘Marshall  gun’  [Marshall.  I960],  the  oper¬ 
ating  conditions  can  be  chosen  so  that  the  embedded  field  is  quite  large.  The  blob 
tlien  has  the  form  of  a  torus,  with  the  magnetic  field  lines  winding  helically  around 
the  minor  axis.  The  interest  of  this  kind  of  plasmoid  is  that  it  holds  itself  together 
much  longer  than  a  blob  with  no  embedded  field  does;  fusion  plasma  physicists  call 
it  a  ‘spheromak'  [Oknbayashi  et  ai,  1981;  Hammer,  1984].  Such  plasma  entities  were 
first  produced  by  Bostick  [1956,  1957],  who  gave  the  name  ‘plasmoids'  to  them,  but 
later  the  meaning  of  this  term  was  extended  to  cover  any  type  of  plasma  blob,  with 
or  without  an  embedded  magnetic  field  [Lockner  tl  ai.  1985]. 

0.2. a.  Recent  De  reloptneuls 

Duriug  the  past  decade,  the  design  of  classical  gas-discharge  plasma  sources  has 
evolvetl  atul  their  performance  has  improved  considerably.  Progress  up  to  about  the 
end  of  1979  in  the  development  of  sources  for  electric  propulsion  has  been  presented 
liv  h'inhf  ;19S1].  .\  modein  ion  thrusti'r,  suitable  for  quasi-continuons  operation  on 
the  Space  Shutth'  can  [.-roduce  a  10  .-\  beam  of  1  keV  argon  ions  for  a  total  power 
ex|(elldit  lire  of  12  kW  [/if/f  1986]. 

.\  new  incentive  to  devadop  very  powerful  (multi-megawatt )  ion  beam  sources  has 
been  providefl  by  their  application  to  healing  magnetically  confined  fusion  plasmas, 
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a  proceeding  that  calls  for  quasi-continuous  beams  of  light  ions  such  as  protons  or 
deuterons.  These  are  converted,  by  charge  exchange,  into  beams  of  neutral  atoms, 
which  are  able  to  traverse  the  confining  magnetic  field  into  the  heart  of  the  plasma. 
There  they  become  ionized  again,  are  trapped  by  the  field,  and  give  up  their  energy  to 
the  plasma.  .>\s  an  example,  a  qua.si-steady-state  (30  s  pulse)  source  of  the  duopigatron 
type,  developed  for  fusion  applications,  can  produce  a  45  A  beam  of  protons  or  a  33 
.A  beam  of  deuterons,  both  at  80  keV  [Mcnon  et  ai,  1985].  Other,  quite  different 
types  of  ion  beam  source,  producing  very  intense  but  very  short  pulses,  have  been 
developed  as  alternatives  to  lasers  for  the  purposes  of  inertial  confinement  fusion, 
namely  compressing  and  heating  the  target  pellets  [Dolan,  1982;  Miller,  1982]. 


More  useful  for  space  applications  is  a  type  of  Hall-effect  accelerator  that  is  ca¬ 
pable  of  producing  large  quasi-continuous  currents  at  relatively  low  energies.  In  this 
device,  which  has  axial  symmetry,  the  discharge  takes  place  in  the  space  between  two 
insulating  coaxial  cylinders.  An  electric  field,  applied  parallel  to  the  axis,  extracts 
the  ions  from  the  discharge;  an  external  cathode  supplies  neutralizing  electrons.  The 
reason  why  the  device  is  very  efficient  as  a  plasma  source  is  that,  within  the  discharge, 
the  E  X  B  drift  motion  of  the  electrons  is  in  the  azimuthal  direction,  so  it  does  not 
carry  them  to  the  walls.  Some  authors  use  the  acronym  AGED,  for  ‘Accelerator  with 
Closed  Electron  Drift',  to  denote  this  type  of  .source. 


The  development  of  tht*  .AGED  was  initiated  in  the  USA  [Lary  et  ai,  1962;  Seikcl 
and  Rfshotko.  1962;  Cann  and  Marhtte,  1964;  Pinsley  et  ai,  1964;  Brown  and  Pins- 
ley.  1965:  (Irossntan  et  nl.,  1965;  Janes  and  f.owder,  1966],  but  appears  to  have  been 
abandoned  here  in  the  mid-1960’s.  and  subseciuently  it  was  taken  up  again  in  the 
USSR  [Morozor  et  ai,  1972;  Bishaev  and  him,  1978;  Dorodnov,  1978;  Askhnbov  ct 
ai.  1981].  An  AGED  thruster  was  used  to  adjust  the  near-synchronous  orbit  of  one 
of  the  'Meteor'  satellites  [A  rtsimorirli  et  ai,  1974];  thrusters  of  the  same  or  ol  a 
similar  design  were  used  on  two  later  members  of  the  Meteor  series  [G'rehncv  et  ai. 
UJSli.  .AGED  plasma  beam  sources  deliveuing  4  .A  of  xenon  ions  at  200  eV  were  sup- 
[)lied  by  the  Soviet  part ici j)ant.s  in  the  West-German  'Porcupine'  i)rogram  of  rocket 
exp('rimeiits  in  the  auroral  ionosphere  [llaerendfl  and  Saydeeiu  1981]. 
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To  conclude  this  review,  we  should  mention  several  means  that  exist  for  creating 
a  plasma  beam  in  space  without  using  an  electric  discharge.  The  simplest  means  is 
to  release,  in  sunlight,  a  vapor  cloud  of  a  readily  photoionized  metal  such  as  barium; 
usually  this  is  done  by  igniting  a  canister  of  thermite,  or  detonating  a  bomb,  contain¬ 
ing  some  of  the  metal  in  question.  A  directed  beam  may  be  obtained  by  employing  a 
shaped  explosive  charge:  for  instance,  a  magnetic-field-aligned  barium  ion  cloud  re¬ 
leased  from  a  rocket-borne  shaped  charge  in  the  auroral  ionosphere  has  been  used  to 
measure  parallel  electric  fields  at  altitudes  of  several  thousand  kilometers  [Haerendel 
ft  ai,  1976].  Another  way  to  produce  a  beam  is  to  release  a  cloud  of  barium  vapor 
from  a  rapidly-moving  vehicle  such  as  a  satellite';  tlu-  newly  born  ions  then  possess 
the  orbital  velocity  of  the  vehicle  [Heppnfr  ft  al..  1981].  A  related  method  is  to  re¬ 
lease  a  cloud  of  a  neutral  gas  such  as  argon,  and  to  ionize  it  with  an  electron  or  ion 
beam  from  a  source  on  the  vehicle;  a  charged  particle  beam  has  to  be  used  because 
photoionization  by  sunlight  is  too  slow.  Finally,  if  an  ionizable  cloud  is  released  in 
interplanetary  space,  as  in  the  .AMPTE  ('Active  Magnetospheric  Particle  Tracer  Ex¬ 
plorers')  artificial  comet  experiments  [Valenzuela  et  ai.  1986],  it  constitutes  a  beam 
because  the  ambient  solar-wind  plasma  is  flowing  outwards  from  the  Sun  at  speeds 
of  several  hundred  kilometres  per  second. 

The  suggestion  has  been  made  that  ion  beams  are  created  inadvertently  by  all 
satellites  in  low  Earth  orbits,  as  the  result  of  partial  specular  reflection  of  ionospheric 
ions  at  their  forward  surfaces,  i.e..  the  parts  of  their  surfaces  facing  into  the  direction 
of  the  orbital  motion.  Relative  to  the  ambient  plasma,  the  reflected  ions  would  have 
twice  the  orbital  velocity  ol  the  satellite,  and  their  motion  through  the  plasma  might 
give  rise  to  instabilities.  It  has  been  suggested  that  these  processes  are  responsible 
for  the  luminous  emission  known  as  ‘Shuttle  glow',  which  has  been  observed  clo,se  to 
the  forward  surfaces  of  the  ,Sj)ace  .Shuttle  [Papndopoulos,  1984]. 


He  that  as  it  may,  a  related  suggestion  has  been  made  by  Stenzel  [1985]  for  a  way 
in  which  similar  beams  could  be  created  deliberately,  for  experimental  purposes,  on 
the  future  .\A.S.\  .Space  Station.  His  proposal  is  to  erect,  outside  the  Station,  a.  plane 
multi-grifi  elect I'ostatic  probe  in  the  form  of  a  fiat  pane!  several  metres  across.  'Phis 


panel  would  consist  of  a  frame  supporting  a  set  of  several  fine  metal  grids,  one  hehiiid 
the  other.  It  would  be  facing  more  or  less  into  the  direction  of  orbital  mcjtion  <jf  the 
Station,  and  appropriate  potentials  would  be  applied  to  the  grids  so  as  to  reflect  some 
of  the  oncoming  flux  of  ionospheric  ions,  together  with  an  ecpial  flux  of  neutrali/ing 
electrons;  the  reflection  process  would  be  spccidar,  and  the  reflection  coefficient  could 
be  adjusted  by  varying  the  applied  potentials.  I’he  large  sj)ace  directly  in  front  of  the 
panel  would  then  be  fdled  with  an  ion  beam  having  well  known  and  [Jicciscly  con¬ 
trollable  characteristics,  counterstreaming  through  the  oncoming  iouos]du‘ric  irlnsma. 

1  he  resulting  two-stream  instabiliti<'s  would  be  accessilrh'  t(j  experimental  study  in 
cpiite  exceptional  conditions  of  plasma  cleanliness  and  rinifurmity. 


5.3.  Ionospheric  Effects  of  Ion  and  Plasnia  Beams 


Among  the  various  factors  that  govern  the  behavior  of  a  plasma  beam  traveling 
through  the  ionosphere  in  tin*  i)resence  of  the  Earth's  magnetic  field,  two  of  the 
most  important  are,  firstly,  the  angh'  between  the  beam  and  the  magnetic  field,  and 
secondly,  the  beta  factor  for  the  beam.  For  simplicity,  most  space  experiments  with 
[)lasma  beams  have  been  designed  Icj  inject  the  beam  either  perpendicular  or  parallel 
to  the  field,  so  we  shall  discuss  the  observed  effects  under  these  two  headings.  The 
beta  factor,  or  .i.  is  th('  ratio  of  the  kinetic  pressure  cT  the  ])lasma  in  the  beam  to 
the  magnetic  pressure  of  the  Earth's  field;  it  decieases  st('adily  as  the  beam  expands 
awav  from  the  source. 


o.  y. /.  Bfnins  Injfrtpd  F(  rpendicular  to  the  Fidil 


The  propagation  of  a  beam  of  plasma  peri)eiKlicular  to  a  magnetic  field  has  been 
a  subject  of  interest  for  many  years,  both  on  theoretical  and  on  practical  grounds. 


It  is  of  t  [ieor(;tical  interest  because  it  is  a  classical  example  of  how  the  particles  in  a 
plasma  can  behave  collectively  in  ways  very  different  from  their  individual  Irehavior. 
.An  individual  chargerl  particle  launclKsI  in  a  diix'ction  perpendicular  to  the  field 
'  'ves  in  a  circle,  right-handedly  around  t  lu'  firdtl  for  an  electron  and  left-handedly 
lor  a  positive  ion.  with  the  radius  appropriat<'  to  its  charge,  mass,  and  velocity.  In 


contrast,  a  plasma  beam  is  able  to  travel  some  distance  across  the  magnetic  field  in 
a  straight  line,  for  reasons  that  will  be  discussed  shortly. 


Theoretical  study  of  the  interaction  between  a  plasma  beam  and  a  perpendicular 
magnetic  field  was  first  undertaken  by  Chapman  and  Ferraro,  in  connection  with 
their  clas.sical  flieory  of  geomagnetic  storms;  see  Ferraro  [1952],  and  the  references 
given  there  to  earlier  papers,  beginning  in  1931.  These  authors  considered  what 
would  happen  if  a  beam  of  plasma  emitted  from  the  Sun  encountered  the  Earth’s 
magnetic  field.  .-\t  the  time  when  they  wrote,  it  was  not  known  that  the  Sun  emits 
jdasma  continuously  in  the  form  of  the  solar  wind,  and  they  conceived  of  these  plasma 
(‘missions  as  isolated  events,  rather  than  as  the  intensifications  of  a  continous  emission 
that  we  now  understand  them  to  be.  Chapman  and  Ferraro  discovered  much  of 
the  basic  physics,  and  initiated  the  theoretical  research  on  plasma  flow  around  the 
magnetosphere  that  continues  to  this  day,  but  the  relevance  of  their  work  to  the 
propagation  of  artificial  plasma  b(?ams  in  the  ionosphere  is  restricted  by  the  fact  the 
solar  wind  plasma  beam  is  much  wider  than  the  spatial  scale  of  the  Earth’s  magnetic 
field.  In  tlie.se  circun]sta}}cvs.  the  oncoming  beam  conjpres.scs  the  field  on  the  sunward 
side  of  the  Earth,  just  so  long  as  its  momentum  flu.x,  or  Tam  pressure'. 
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Ih'ie  .\  is  the  ion  concentration  in  the  solar  wind  and  M  the  mass  of  a  solar- wind 
ion.  so  .\ M  is  the  mass  density  of  the  plasma,  while  N MV  is  its  momentum  density, 
with  V  the  flow  velocity.  IF)  is  the  strength  of  the  Earth’s  magnetic  field,  and  //o  is 
t  he  [jermeability  ol  free  space.  When  the  field  is  compressed,  iSp  rises  until  finally  the 
maimetic  |>res.sure  becomes  sufficiruit  to  halt  the  motion  towards  the  Earth,  obliging 
the  beam  to  diverge  so  as  to  flow  around  this  obstacle,  I'hus  the  balance  of  Pram  ^nd 
P,vn,i  governs  the  g('ocentric  distance  of  the  magneto])ause  at  the  stagnation  iK)int  of 
the  flow,  close  to  the  sub-solar  point. 


Much  of  the  foregoing  analysis  applies  to  a  plasma  beam  injected  into  the  iono¬ 
sphere  perpendicularly  to  the  Earth's  magnetic  iield,  even  though  this  is  the  op])osite 
situation  where  the  width  of  the  beam  is  much  less  than  the  spatial  scale  of  the  held. 
For  the  moment,  we  are  picturing  a  cylindrical  beam  of  fully  ionized  plasma  moviiig 
in  a  direction  paralh'l  to  its  a.xis.  'I'he  beam  will  propagate  only  if  its  ram  pressure 
e.xceeds  the  mag  letic  pressure,  in  which  ca.se,  however,  the  magnetic  held  lines  are 
pushed  aside  by  tin'  lu'ad  of  the  beam  as  it  advances  througli  them. 

Initially,  the  beam  e.xcludesthe  magnetic  held;  it  is  a  'diamagnetic  cavity’.  Within 
the  beam,  tin.-  plasma  exerts  its  gas  kinetic  pressure,  whereas  outside  the  Iream  there 
is  just  the  pressure  oi  the  magnetic  field,  neglecting  the  kinetic  pressure  of  the  iono¬ 
spheric  plasma  which  is  relatively  small.  Thus  the  edge  or  boundary  of  the  beam, 
which  is  sharp,  is  a  kind  of  magnetopause.  According  to  whether  the  plasma  pressure 
is  greater  or  less  than  the  magnetic  pressure,  the  boundary  will  expand  or  contract  to 
establish  equilibrium  [Haerendel  and  Sagdeev,  1981]:  most  of  the  plasma  sources  used 
in  space  experiments  have  d  1  their  outlets,  so  initial  expansion  is  the  rule. 

1  his  state  of  affairs  is  short-lived,  however,  because  the  magnetic  field  diffuses  into 
the  plasma.  If  the  diffusion  occurred  in  a  purely  classical  fashion,  through  collisional 
dissipation  of  the  currents  flowing  in  the  boundary,  then  it  would  take  a  time  of  the 
order  of 

r  =  imD-Iri  ,  (.•3..0) 

where  D  is  the  diameter  of  the  beam  and  7/  is  the  classical  resistivity  of  a  fully  ionized 
plasma;  to  find  the  expre.ssion  for  r/  and  the  derivation  of  (5.5),  see  pp.  179-181  and 
'205  '207  resi)ectiv(dy  of  Chen  [1984].  Experimentally,  however,  the  magnetic  field  pen- 
{’trates  into  the  beam  much  more  rapidly  than  (5.5)  suggests.  Evidence  to  this  (dfect, 
fiajin  the  Forcu|)ine  rocket  experinuMits,  has  been  presented  by  Hdusler  (t  al.  [1986a]. 
for  the  1  ,\  .\enon  plasma  beam  used  in  these  experiments,  the  theoretical  diffusion 
time  acroiding  to  (5.5)  was  about  2.5  ms,  whereas  the  experimental  valiK'  was  about 
(1.2  lire  till'  latter  was  estimated  from  the  olxserved  diamagnetic  fitdd  perturbation, 
whicli  di'-appearerl  within  less  than  5  m  from  the  source.  'I'his  anomalously  ra])id 


diffusion  is  Ix'liuvod  to  ho  caused  by  instability  of  the  currents  in  the  boundary  layer, 
tin'  unstable  waves  being  eh'ctrostatie  in  nature,  with  frequencies  of  tin'  order  of  the 
lower  liylu  id  fr<'(|uency  [Mi.-ihin  ct  al..  1986a,b).  As  the  Held  penetrates  into  the  beam, 
the  bi'ani  ex|)atnls  outwards  into  the  field  so  as  to  preserve  pressure  balance,  'riie  end 
result  of  their  itit('nliffusion  is  a  low-beta  plasma  beam  permeated  by  the  magnetic 
Held. 

Imiependent  e\  idenre  of  anomalously  rapid  magnetic  field  diffusion  was  found  in 
the  AMl’l  f.  artificial  comet  experiment,  which,  for  reasons  explained  at  the  end  of 
ed.L’.b.  can  also  be  regaided  as  a  beam  injection.  In  this  experiment,  a  diamagnetic 
ca'.'ity  a!)out  1(10  km  in  diamett'r  was  created  by  releasing  a  cloud  of  barium  vapor 
into  the  solar  wind.  I  he  itiitial  motion  of  the  cloud  was  very  curious  indeed:  during 
the  first  1..')  m  after  its  formtition.  it  moved  perin'ndicularl\'  to  th('  direction  of  the 
solar  wind  through  a  distanct'  of  about  .500  km  before  In'ing  accelerated  downwind. 
.\'"  soon  as  the  clotid  was  formed,  the  interplanetary  magnetic  field  began  to  difFii.se 
back  inwards,  atid  its  ri'inrn  was  observed  by  a  magnetometer  on  the  vehicle  from 
which  the  cloud  had  been  released.  Surprisingly,  no  very  strong  electrostatic  wave 
activity  was  observed  at  the  boundary  between  the  field  and  the  cloud,  and  for  the 
moment  the  mechanism  of  their  rapid  interdiffusion  remains  obscure  [Gurnelt  ct  n/.. 
lll''5:  Ibifvendd  ct  at..  1986;  \  ulcnzuc (a  tt  al..  1986].  Similar  k'suMs  had  been  ob¬ 
tained  previously  during  the  .A.VIF^TR  solar  wind  lithium  cloud  rt'leases  [Hdusler  et 
nl..  19S61)]. 

I'.ven  when  the  magnetic  field  has  permeate<l  it  completely,  tlie  l)eam  or  cloud  can 
conti/ine  to  travel  perpendicularly  acioss  the  magnetic  field,  thanks  to  the  collective 
ai  lidii  ot  the  plasma  particles.  Interacting  indivi<lnally  witli  the  field,  electrons  would 
be  rl(  llcrted  sideways  in  one  sense  a  ml  ions  in  the  ot  her.  l)ut  as  soon  as  I  hese  |)roccsses 
start  to  oernr  in  a  Imam,  free  polarization  charges  ai)i)ear  on  the  sides  of  it.  'I'hese 
cr('at('  ai\  electric  polaii/.at ion  fiehl  within  the  beam.  enal)ling  the  plasma  particles  of 
lauli  s[)eries  t(;  continue  flu'ir  forward  motion  iiiKleflectecI,  as  an  E  x  B  drift.  The 
kinetic  theory  of  this  form  of  collective  Ix'havior  was  begun  by  Scinnidt  [1960],  who 
argued  tliat  the  condition  on  which  it  can  haj^icen  is  that  the  transverse  dielectric 
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constant  of  the  magnetoplasma, 

NM 


(5.6) 


should  be  much  greater  than  unity;  otherwise,  the  particles  execute  their  individual 
motions  in  the  magnetic  field.  Subsequently  Peter  and  Rostoker  [1982]  showed  that 
the  stronger  condition 

(  '>  {Mjrn)^  (5.7) 


was  necessary,  where  M  and  m  are  the  ion  and  electron  masses.  Other  recent  con¬ 
tributors  to  the  theory  of  the  propagation  of  low-beta  plasma  beams  across  magnetic 
fields  are  Treamanu  et  al.  [1983],  Katz  [1984],  Tremnnnn  and  Hdusler  [1985],  and 
Cheng  [1987]. 

Laboratory  experiments  demonstrating  the  propagation  of  low-beta  plasma  beams 
or  plasrnoids  across  magnetic  fields  have  been  performed  by  Eubank  and  Wilkerson 
[1961],  Baker  and  Ilammel  [196.5],  Lindberg  [1978],  H'e.ssf./  and  Robertson  [1981],  and 
Robertson  et  al.  [1981],  among  otliers.  The  work  described  in  the  two  most  recent 
of  these  papers  demonstrated  the  relevance  of  the  condition  (5.7).  It  was  motivated 
by  eventual  practical  applications  to  magnetic  confinement  fusion,  namely  the  pos¬ 
sibilities  for  using  charge-neutral  ion  beams  to  heat  or  drive  currenvs  in  a  fusion 
reactor,  instead  of  having  first  to  convert  them  into  beams  of  neutral  atoms  [Ott  and 
Mannheimer,  1977].  Even  more  recently,  a  series  of  experiments  covering  a  range  of 
beta  from  0.01  to  100  has  been  performed  by  Li  et  al.  [1986]. 


When  a  low-beta  plasma  beam  or  plasmoid  propagates  across  a  magnetic  field, 
the  plasma  on  its  flanks  is  eroded.  The  rea.son  is  that,  while  the  plasma  at  the  center 
of  the  beam  is  acted  upon  by  the  full  polarization  field  and  moves  at  the  velocity 
E  X  Blip,  the  plasma  in  the  boundary  layer  experiences  a  lesser  field  so  it  lags 
behind  [Crou’  et  nl..  1978;  Curtis  and  Grebowskg.  1980].  Experimentally,  the  erosion 
of  a  plasmoid  lrav('ling  across  a  magnetic  field  was  first  observed  in  the  laboratory  by 
Bostick  [1956];  in  spacu’.  it  was  observed  dramatically  in  the  AMPTE  artificial  comet 
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experiment  [Valenzuela  et  ai,  1986].  As  a  result,  the  l>eani  or  plasmoid  is  dispersed 
and  ultimately  sloped  to  a  halt. 

The  dispersion  and  slowing  are  enhanced  if  plasma  is  already  present  in  the  mag¬ 
netic  field  through  which  the  beam  or  plasmoid  is  moving,  because  currents  flowing 
in  this  background  plasma  partially  neutralize  the  space  charges  on  the  flanks,  re¬ 
duce  the  polarization  field,  and  dissipate  the  kinetic  energy  of  motion  [Haerendel  and 
Sagdeev.  1981:  Treumann  et  ai,  198.3].  In  addition,  the  intense  velocity  shear  in  the 
boundary  layer  may  excite  a  collisionless  form  of  the  Kelvin-Helmholtz  instability, 
enhancing  the  erosion;  at  Stanford  University  a  Ph.D.  student,  I).  Cai,  is  now  investi¬ 
gating  this  possibility  theoretically,  and  a  3-D  particle  simulation  of  this  and  related 
phenomena  is  the  subject  of  a  pending  research  proposal  by  Buneman  et  ai  [1986]. 
The  larger  the  ratio  of  background  plasma  density  to  beam  plasma  density,  the  more 
important  these  effects  are  likely  to  be,  and  in  fact  they  are  conspicuous  in  beam 
injection  experiments  in  the  ionosphere.  In  the  Porcupine  experiments,  for  instance, 
beyond  15  m  from  the  source,  electric  field  measurements  inside  the  xenon  plasma 
beam  revealed  a  transverse  polarization  field  of  only  about  10%  of  the  value  corre¬ 
sponding  to  the  initial  beam  velocity.  At  these  distances,  most  of  the  particles  were 
executing  their  individual  motions  in  the  Earth’s  field.  The  beam  electrons,  having 
gyro-radii  of  about  10  cm.  were  virtually  ‘frozen’  to  the  magnetic  field  lines,  while  the 
ions,  with  gyro-radii  of  about  500  m,  continued  onwards  to  twice  this  distance  before 
turning  around.  This  ion  beam,  though  largely  charge-neutralized  by  electrons  from 
the  background  plasma,  carriefl  a  net  electric  current  of  about  90%  of  the  initial  4  A 
ion  current  [ndusler  et  al..  1986;  Sagdeev  et  ai,  1986]. 

The  separation  of  the  beam  electrons  from  the  ions  had  a  number  of  side-effects, 
tlie  fir.st  of  which  wns  the  creation  of  a  system  of  intense  field-aligned  currents  of 
suprathermal  electrons.  Once  the  beam  electrons  had  become  frozen  to  the  field 
lines,  the  only  directions  in  which  they  could  escape  from  the  vicinity  of  the  source 
were  up  and  down  these  lines,  llduslrr  et  nl.  [1986]  have  estimated  the  current  density 
as  110  rn.A/nr  in  each  of  the  two  directions,  which  is  much  greater  than  ever  occurs 
iiaturallv.  Moreover,  the  number  density  of  these  electrons  on  the  Ix'am  axis,  at  4  m 
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from  the  soiiree,  must  liave  been  al)uiit  10^  <:in”'h  whieli  was  two  to  tliree  orders  of 
magnitude  larger  than  the  ambient  plasma  density  [IliiiisUr  d  al..  1986].  d  hus.  when 
they  emerged  from  the  beam,  their  spare  rharge  eonhl  not  have  been  neutralized  bv 
ions  from  the  ambient  plasma,  so  their  mutual  electrostatic  repulsion  would  then  hav(' 
acceleratt'd  them  along  the  field  lines  to  suprathermal  energies.  Since  the  total  energv 
iin  eV)  gained  by  an  electron  was  just  the  potential  difference  between  the  source  and 
the  atnbient  plasma,  tin'  source'  hael  to  acepiire  a  negatis'e  potential  in  ordc'r  for  such 
acceleration  to  occur.  Hy  this  nu'ans,  the  energ}’  gi\en  to  t  hr-  electrenis  was  taken 
Irom  the  ions  in  the  Ix'am.  Provided  that  this  was  the  only  way  in  which  the  ions  lost 
energy,  the  gain  in  energy  by  t  he  r'lect rons  could  be  eh't  ('I'miiK'el  by  measuritii:  t  he  mean 
energy  ol  the  ions  and  comparing  it  with  its  nominal  wilue.  Iti  this  respe'ci .  tin-  data 
Irom  P(;rcupine  were  inconclusive,  but  data  from  the  very  similar  .\K('S  '■]  e.Kperiment 
(st'c  Table  showed  ch'arly  that  th<'  sub-j)ayload  carrying  the  source  became  charged 
t  (/  a  lu'gal  i\'e  pcrlt'iit  ial  exceeding  h;df  t  he  initial  beam  (-nergy  [l:rlii:ul>oii  ( I  ill..  1 9's7]. 
.\  (luantil at  i ve  theory  of  the  charging  process  has  yc't  to  be  devr'loped. 

Independent  data  supporting  thi.s  scenario  wove  obtained  in  llte  Soviet  .Aelita 
rocket  exp<'riments  (see  'Table  2),  which  itivolved  much  tnore  intense  plasma  Ix'ams 
itijecla'd  moie  oi'  h'ss  irerpetidicidarly  to  the  held  [.Sdijilefv  it  al..  1981].  On  tin- 
evidence,  the  diamagnetic  cavity  extended  I  10  m  from  the  source,  then  the  ix-am 
Trecame  elect  rically  polarized  atid  remained  so  for  atiotln'f  1 0  20  m.  and  finally  the  ions 
cotit  inued  ahjue  out  to  a  total  distance  of  about  1 00  m.  'The  beam  was  so  d('ns(' t  hat  it 
could  be  oliserved  by  radar  from  the  ground,  and  the  radar  data  showed  that  the  cross¬ 
field  velocity  of  the  ions  did  not  exceed  200  600  m/s,  compared  with  10  km/s  at  the 
source,  wITn  h  may  be  regarded  in  retrospect  as  evidence  of  strotig  n('gati\i'  charging 
(d  the  source,  f  urther  relevant  data  wi're  obtained  in  the  .Ari('l  rocket  expi'riment s. 
wheic  iniT-ed  plasma  sources  wer('  used  [.\l<  .rainlror  il  al..  1981a. b]. 

1  he  experimental  evidence  that  the  electrons  in  tin'  |)lasma  beam  become  at¬ 
tached  to  the  held  lines,  soon  altr'i-  leaving  the  source,  raisi's  lhe(|uestion  of  how  t  he 


ion  beam  iicil  rali/.ed  tlu'realler.  I  he  lad  that  il  is  indeed  (pnoi  iieut  ral  is  (nn 
hrmed  b\-  t  fe  abseiK  e  o|  till'  st  rong  elect  ric  lields  that  a  non  neut  ral  ion  beam  would 


create.  Obviously  the  answer  must  be  that  it  is  neutralized  by  electrons  from  the 
ambient  plasma,  but  this  cannot  be  a  simple  process.  Under  the  almost  collisionless 
conditions  of  the  Porcupine  e.xperiment,  for  instance,  ambient  electrons  attracted  by 
the  positive  space  charge  in  the  ion  beam  would  be  accelerated  along  the  field  lines 
towards  the  core  of  the  beam,  but  on  reaching  it  they  would  have  high  velocities, 
relative  to  their  thermal  velocities,  so  their  momentum  would  carry  them  on  through 
the  core  and  out  the  other  side.  Their  concentration  within  the  core  would  actually 
be  less  than  in  the  unperturbed  plasma  far  from  the  beam.  In  reality,  however,  some 
process  equivalent  to  collisions,  such  as  a  two-stream  instability  excited  by  the  coun¬ 
terstreaming  of  the  electrons  attracted  into  the  beam  from  the  plasma  above  and 
below  it,  must  be  acting  so  as  to  allow  these  <'leclrons  to  become  electrostatically 
trapped  inside  the  beam,  and  thus  to  neutralize  it. 

If  the  distribution  of  the  beam  ions  in  space  were  constant  in  time,  the  neu¬ 
tralization  of  the  beam  would  be  a  transient  i)rocess,  completed  very  soon  after  the 
source  of  the  beam  was  switched  on.  But  if  the  source  is  modulated,  or  if  the  vehicle 
carrying  it  is  spinning  or  is  moving  through  the  plasma,  which  is  usually  the  case, 
then  neutralization  is  a  dynamic,  never-ending  process.  Continually,  electrons  from 
the  ambient  plasma  must  flow  up  and  down  the  field  lines,  towards  points  where  the 
beam  ion  concentration  is  increasing  aiul  away  from  points  where  it  is  decreasing. 
Thus  modulation  or  motion  of  the  beam  gives  rise  to  a  complicated  pattern  of  field- 
aligned  currents  of  thermal  electrons,  in  the  region  of  space  formed  by  the  projection 
of  the  ion  beam  up  and  down  the  magnetic  field  lines. 

Since  the  electrons  in  the  beam  are  diverted  into  field-aligned  currents  within  a 
few  metres  of  the  source,  whereas  the  ions  contimu*  out  to  distances  of  the  order  of 
their  adiiis.  the  currents  that  these  two  f)article  species  carry  are  effectively 

durnpefl  into  the  ionos[)here  at  different  ])oints,  'I'hus  a  i)erpendicularly  injected 
plasma  beam  acts  as  a  current  dipol(’.  and  if  the  beam  is  modulated  it  should  excite 
wavf's.  .'\t  the  lowest  frequencies,  these  would  be  .Alfven  waves.  Alexandrov  et  al.  have 
siigyested  that  such  waves,  interacting  with  and  scatte  ring  radiation-belt  electrons  at 
•  ■neugies  greater  than  10  ke\'.  were  responsible  for  increases  observed  in  the  flux  of 


such  electrons  precipitating  into  the  ionosphere,  coincident  with  pulsed  plasma  beam 
injections,  in  the  Ariel  1  and  Ariel  2  experiments.  Kven  larger  increases  in  these  fluxes, 
apparently  stimulated  by  the  plasma  beam,  were  observed  in  the  Aelita  experiments 
and  reported  by  Sagdeev  et  ai,  who,  however,  preferred  the  view  that  that  they 
were  due  to  ionospheric  electrons  accelerated  by  some  unspecified  collective  process 
accompanying  beam  injection. 

As  the  beam  ions  travel  through  the  background  plasma,  they  excite  a  variety  of 
electrostatic  plasma  waves  propagating  more  or  less  perpendicularly  to  the  magnetic 
field.  In  the  Porcupine  experiments,  ion  cyclotron  harmonic  waves  excited  by  the 
xenon  ion  beam  were  observed  at  freciuencies  up  to  about  16  kHz  [Jones,  1981 :  hint  tier 
and  Kelley,  1981];  they  occurred  at  harmonics  of  the  local  proton  gyrofrequency,  and 
were  particularly  intense  around  the  local  lower  hybrid  frequency.  Kintnev  et  al.  [1986] 
have  compared  the  plasma  waves  observed,  under  similar  conditions,  in  the  Porcupine 
and  ARCS  series  of  rocket  experiments.  In  the  Meteor  satellite  experiments,  a  xenon 
plasma  beam  was  injected  into  the  ionosphere  in  the  direction  of  orbital  motion, 
and  excited  intense  waves  in  the  5-20  kHz  band  [Grebnev  et  ai,  1981],  Ionospheric 
0“^  ions,  after  having  passed  through  the  turbulent  plasma  beam,  arrived  at  the 
satellite  with  their  energy  spectrum  broadened;  this  effect  became  more  and  more 
pronounced  as  the  beam  velocity  vector  approached  the  plane  perpendicular  to  the 
magnetic  field.  The  mechanisms  by  which  these  low-frequency  waves  are  generated 
are  fairly  well  understood,  qualitatively  at  least  [Kintner  and  Kelley,  1983;  Roth 
et  al.,  1983;  Hudson  and  Roth,  1984;  Malingre  and  Pottelette,  1985);  weaker  waves 
accompanying  plasma  beam  injections  have  also  been  observed  at  higher  frequencies, 
in  the  whistler-mode  frequency  band  between  the  lower  hybrid  frequency  and  the 
electron  gyrofrequency  [Thiel  et  al.,  1984],  and  also  around  the  plasma  and  upper 
hybrid  frecpiencies  [Potte  It  tte  et  al..  1984],  but  their  generation  mechanisms  are  still 
uncertain. 

Relaterl  data  from  the  SIOPAC  experiment  on  Spacelab-1  have  been  presented 
by  .Sasaki  it  al.  [1986].  Whenever  the  MPI)  arejet  injected  a  plasmoid  into  the 
ionosphere,  there  was  a  burst  of  wavx's  with  its  spectral  peak  near  the  lower  hybrid 


frequency.  .Additionally,  when  the  plasmoid  wa.s  injected  in  llu'  direction  of  orbital 
motion,  and  the  component  of  the  orbital  velocity  perpendicular  to  the  magnetic  Held 
exceeded  about  b  km/s.  there  was  an  enhancement  of  local  plasma  density  lasting 
se\  eral  tens  of  milli.seconds.  The  SEPAC  experimenters  believe  that  this  was  produced 
by  .Alfven's  critical  velocity  ionization  process:  the  nonlinear  waves  are  assumed  to 
heat  some  of  the  electrons  present,  which  then  ionize  some  of  the  netitral  gas  [Alfucii, 
1951].  Ihe  duration  of  the  plasma  density  enhancetnent  itidicates  that,  before  the 
neutral  gas  in  question  became  ionized,  it  must  have  been  moving  with  the  .Shuttle,  so 
it  must  have  been  either  atmospheric  gas  escaping  from  the  payload  bay.  or  neutral 
argon  emitted  by  the  MPD  arcjet.  Even  after  it  became  ionized,  it  would  have 
continued  to  move  with  the  Shuttle  through  polarization  ol  the  [)la.sma  cloud,  and 
some  indej)endent  evidence  for  the  existence  of  the  electric  polarization  iield  was 
found. 

Summarizing,  the  injection  of  a  plasma  beam  perpendicularly  to  the  Earth's  mag¬ 
netic  field  modifies  the  ionosphere  by  introducing  new  plasma,  by  setting  up  a  system 
of  intense  ludd-aligned  currents  of  suprathernial  electrons,  and  by  creating  plasma 
turbulence,  primarily  at  low  frequencies;  in  .some  special  situations,  the  turbulence 
can  lead  to  electron  heating  and  hence  to  ionization  of  tlu'  neutral  gas. 

■i.3.2.  Bduiis  Iiijfctfd  Paralld  to  htf  Fold 

With  the  exceptions  of  .Araks  and  Porcu|)iu<',  all  the  sjrace  ex])eriments  listed 
in  Table  d  involved  plasma  beams  injected  parallel  as  well  as  ptupendicular  to  the 
Earth's  magnetic  field.  The  most  recent  series  of  rocket  expc'riuK'uts.  .AllCS  1-3, 
was  [ilanned  sc;  as  t<;  j)rovide  good  data  for  comparing  the  effects  ol  parallel  and 
j'lMpc'udicular  injections  under  otherwise  similar  circumstances  [hiiiliier  ft  ni,  1986]. 

\\  ith  parallel  injection,  the  initial  behavior  of  the  beam  just  aftc'r  it  lias  emerged 
Irom  the-  source  is  much  the  same  as  it  is  with  |)erpendicular  injection;  at  first  the 
lic-am  expands  freely,  pushing  the  magnetic  field  before  it,  but  them  the  field  diffuses 
baek  iutci  ;  he  beam  faster  than  classical  jirocesses  would  allow.  The  subsequent 
evolution  of  the  magnetized  bc'am  is  simpler,  however,  because  with  jiarallel  injection 


there  is  no  conlliet  hetwecn  the  individual  and  collective  behavior  of  the  |)lasina 
particles.  Both  the  ions  and  the  ek'ctrons  can  move’  freely  along  the  field  lines,  so 
their  joint  parallel  motion  does  not  lead  to  any  charge  separation.  If  collisions  with 
neutral  particles  and  ionospheric  ions  are  negligible,  the  i)lasma  cloud  exjrands  fia-ely 
in  t  he  dii'ect  ion  parallel  to  t  he  held,  as  into  a  vacuum,  but  if  collisions  are  ap[)reciable 
they  slow  down  t  he  ('xjransion,  la'ndering  it  ditlusive. 

B('cause  th('  ('xpansion  can  proceed  more  freel\'  in  the  jraralh'l  direction  than 
p<'r|)('ndiciilarly.  and  because  mo.st  ol  the  plasma  sourci's  used  in  s|>ace  ('xpeiimeiits 
jiroduce  rather  lu'oad  Ix'ams  (c(uu'  angle  dO  (>t)°i.  it  can  hap])en  th;it  e\'Ui  in  ;tn  ex- 
jx'iiment  with  nominally  perpendicular  mj<-ction.  the  rf'sulting  plasma  cloud  ('xtends 
furtlu'r  <dong  the  fi('ld  than  across  it.  In  the  A<'lita  experiments,  lor  iu'^tance.  the 
cloud  was  alanit  1  km  long  compaia'd  with  70  100  m  in  the  perpendicular  direction: 
the  ion  conciuitraticjn  within  it  was  about  10*’  cm'”*,  siibst antially  greater  than  in  the 
ambient  I,  la'giou. 

riie  lai  t  t hat  the  (dect rons  atid  ions  iti  the'  beam  can  travel  together  along  t he  li(dd. 
with  nothitig  but  collisions  to  stop  them,  means  that  a  itarallel  beatn  itijection  rloes 
tiot  create  the  system  of  intetise  fiehbaligtK'd  currents  that  a  perpendicular  inject ioti 
does.  Correspotidingly.  the  strotig  negative  charging  of  the  source  that  the  ARCS 
•d  ('X[)erimenters  observed  with  per|)<‘ndicular  injection  (see  jj-xd.!)  was  not  observed 
with  parallel  injection  [I'.iinud^on  (I  al..  1087], 

Plasma  beam  injections  parallel  to  the  held  excite  low-frecpiency  plasma  waves, 
but  generally  these  are  weaker  than  those  accompanyitig  perpendietdar  injections 
[drfbnrv  il  a!..  1081;  Krlaiui^on  (t  ni.  1986].  .A  curious  effect  apparently  related 
to  wave  ('xcitation  was  observerl  in  the  .ARCS  1  rocket  experiment  and  was  reported 
bv  Moon  fl  al.  [10S2|:  this  exp('riment  was  performed  in  the  auroral  zone,  and 
o|X’ration  of  the  plasma  guti  within  an  amoral  arc  producc'd  sttiking  enhaticements 
in  the  naturtd  fluxes  of  preci|)itating  electrons  at  energir's  btdow  1  ke\'.  1  hese  data 
I  .111  be  explaiiH'd  by  assuming  that  all  downcoming  ('tK'rgetic  electrons  had  Ix-en 
accelerated  Ijv  a  |)arallc'l  electric  (ield  in  the-  |)lasma  above'  the  rockc't.  and  the  most 
plausible'  nwans  loi  creating  su<h  a  lie'ld  a|)pe'ars  to  be'  anomaleuts  plasma  re'sistivity 
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luc  !()  I'll-scalf  I  urlml(Mi('<\  riu'  anomalously  <'iiliaiu’inl  rosistivily  would  offer  an 
adsfarlr-  to  the  loea!  auroral  current,  the  major  part  of  which  is  assi.ttied  to  he  directed 
upward'  .;i  tin'  cunx’ent iona!  s<  use.  and  carri(’d  hy  downcenning  thermal  electrons 
which,  unlike  tin'  more  energetic  ones,  are  strongly  scattered  hy  the  tnrluilent  wa\'('s. 
Because  th,'  enhaiicenients  of  the  energetic  electron  fluxes  were  equally  strong  for 
parallel  and  for  per|)endicnlar  i>eam  injeciion.  Katifnuinn  it  id.  [BfSh]  have  argued 
that  the  iii'tahilit  ies  leading  to  |)l,isma  turl.ulence  were  created  not  by  the  ion  beam, 
hut  h\-  the  associated  system  of  fiidd-aligiK'd  electron  currents;  this  must  be  regarded 
as  uncert.iin.  howe\-er.  since  the  lati'r  results  from  th('  ARC  S  3  expeniment  suggest 
that  th.it  these  field-aligned  currents  also  are  w('aker  for  parallel  injection,  as  already 
meutioiieii  I'.'i  la  iiil.-ion  ft  al..  I'tsTj. 

Maine  lahoratofx'  exix'i  iment '  on  th«'  |)ropagation  of  plasma  beams  parallel  to 
iiiiigiietic  tiehls  were  m;ide  in  t  h"  iPbfl's.  to  in\'est  igat<'  tin'  irossibility  of  filling  mirror 
or  cu-^p  fusion  machines  with  jdii'iiia  by  inj'-cting  it  through  the  o])en  ends  [7’ur/,'. 
I'tb'':  (Idlin.  11)01:  .SVo//  anil  WhuIii-.  IDtd.  .Jiiisrii.  11)08].  A  more  recent  series  of 
experiment',  concentrating  on  the  j.hysics  of  t  lie  inl(‘raction  between  tiie  plasma  and 
the  held,  was  carried  out  by  Ilohi  i  tsoii  [1981.  1983],  who  showed  that  high-beta  beams 
can  be  guiderl.  Idcussed.  and  compressed  by  axial  magnetic  fields.  In  general,  the 
belias'ior  of  a  plasma  beam  close  to  its  sourci'  is  easier  to  investigate  in  the  laboratory 
than  in  '|ja(e.  and  this  is  particularly  true  of  Ireams  injected  parallel  to  the  field, 
'lucc,  unlike  jierpendicularly  inji'cted  lieams,  they  do  not  result  in  the  production 
Ilf  h'dd  alimiefl  cuirents;  the.se.  when  they  encounter  the  walls  of  the  experimental 
di'-,  [I  c.  nmdir  t  anse  the  beam  u>  Irehaxe  different ly  than  it  would  in  space. 

.b.l.  Possible  Future  Experiments 

^ome  'uggestions  are  made  Ix-low  for  future  iouos])heric  modification  experiuK'uts 
’ha'  cradd  be  peiformed  using  either  lockris.  ur  a  Sjiace  Shuttle,  or  the  future  Space 
Statifui,  hiclnw cr  is  asailable  and  is  tin'  most  ajijiropriate.  'I'he  ('xperiments  have’ 
liecii  drsided  intc;  two  categories,  low-beta  and  liigh-liet.a ,  As  mentioiu'd  above,  the 
|jhi-ma  ficrinis  iisecl  in  all  pre\ious  experiments  of  this  kind  have  had  ji  <C  1,  excejit 
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very  close  to  the  source.  I'here  have  been  many  such  experiments,  so  it  is  less  easy 
to  suggest  new  ones  at  low  beta  than  at  high  beta;  the  latter,  however,  would  require 
the  development  ot  new  and  powerful  plasma  sources. 

oJf.L  Low-beta  experiments 

Let  us  begin  by  examining  the  possibility  of  using  plasma  beams  to  produe<" 
new  ionization  in  the  lower  ionosphere,  especially  artificial  plasma  density  structures 
like  tho.se  that  can  be  created  by  energetic  electron  beams,  as  described  in  Section 
d.  .\ew  ionization  would  be  produced  by  collisions  between  ions  in  the  beam  and 
neutral  atmospheric  particles.  In  terms  of  new  ionization  produced  per  joule  of  energy 
expf'nded,  energetic  ions  are  no  more  and  no  less  efficient  than  energetic  electrons: 
in  either  case,  the  energetic  particle  loses  about  35  eV  per  electron-ion  pair  created 
[Banks  and  Kockarts,  1983].  Moreover,  the  ionization  cross-sections  for  energetic 
electrons  and  positive  ions  are  more  or  less  the  same  if  particles  of  the  two  species  are 
compared  at  the  same  velocities.  These  statements,  however,  refer  to  electrons  with 
energies  above  about  300  eV,  in  comparison  with  protons  above  about  0.5  MeV,  or 
with  heavier  ions  above  even  higher  energy  thresholds,  proportional  to  their  masses. 

There  is  a  dearth  of  information  in  the  literature  about  the  production  of  ioniza¬ 
tion  by  ions  with  lower  energies.  However,  Ishimoto  et  al.  [1986]  have  considered  the 
possible  ionospheric  effects,  including  ionization,  that  may  be  produced  by  energetic 
0+  ions  precipitated  from  the  ring  current,  and  having  energies  in  the  range  0.7-20 
keV;  such  energies  could  be  attained  by  artificial  plasma  sources.  These  authors  find 
that  over  80%  of  the  energy  of  the  precipitated  ions  is  lost  as  heat  in  the  neutral 
atmosphere,  and  that  the  proportion  of  the  energy  that  actually  goes  into  producing 
new  ionization  is  1.6%  at  20  keV  but  only  2.3%  at  2  keV;  the  ionization  rate  peaks 
at  about  200  km  altitude. 

.At  still  lower  energies,  positiv'e  ions  from  a  plasma  source  are  even  less  efficient 
al  producing  new  ionization,  but  on  the  other  hand  the  injected  plasma  itself  can 
constitute  a  significant  ionospheric  i)erturbation.  In  the  Soviet  Aelita  experiments,  for 
instance,  the  density  of  the  injected  plasma  cloud  was  at  least  an  order  of  magnitude 


greater  than  tliat  of  the  ionospheric  plasma  at  the  same  altitude,  so  it  was  readily 
observable  by  radar  (see  §5.3. 1).  Conceivably,  a  pulsed  plasma  beam  could  be  used  to 
])ro(lu('('  periodic  plasma  density  structures,  similar  to  those  that  Banks  and  Gilchrist 
[IttSoj  have  suggested  might  be  produced  by  means  of  pulsed  electron  beams.  This 
[jiocedure  would  enable  such  structures  to  be  produced  at  higher  altitudes;  assuming 
plasma  injection  parallel  to  the  magnetic  field,  they  would  extend  from  the  altitude 
ot  injection  to  a  distance  of  the  order  of  the  ionic  mean  free  path. 

U’e  turn  now  to  possible  future  experiments  in  the  lineage  of  the  Porcupine, 
.■\RCS.  and  SEPAC  experiments  described  in  §5.3.  .Among  the  many  effects  that 
plasma  beam  injections  were  observed  to  produce  in  these  experiments,  the  following 
are  by  no  means  well  understood:  charging  of  the  vehicle  carrying  the  source;  charge- 
:ieutra!ization  and  depolarization  of  the  beam;  instabilities  of  the  beam-ionosphere 
interface,  and  erosion  of  the  flanks  of  the  beam;  generation  of  whistler-mode  and 
high-frequency  waves.  These  particular  effects  cannot,  perhaps,  be  classed  as  ‘iono¬ 
spheric  modification',  but  others  related  to  them,  and  equally  in  need  of  clarification, 
certainly  come  under  this  heading.  Examples  are  the  creation  of  a  system  of  field- 
aligned  electron  currents,  and  modification  of  the  spectrum  of  low-energy  (<  1  keV) 
electrons  precipitating  into  the  auroral  ionosphere;  from  §5.3.2,  it  will  be  recalled  that 
anomalous  resistivity  due  to  beam-induced  plasma  turbulence  has  been  suggested  as 
the  cause  of  the  electron  energy  spectrum  modifications,  and  this  plasma  resistivity 
enhancement,  if  it  exists,  could  also  be  considered  as  an  ionospheric  modification. 

In  considering  the  possible  directions  for  future  ionospheric  modification  exper¬ 
iments  using  low-beta  [dasma  beams,  there  is,  ])('rhaps,  a  lesson  to  be  learned  frorn 
exfK’riments  with  electron  beams.  Though  very  many  such  experiments  had  been  per- 
liiiiiied  f)revi(nislv  with  rockets  (many  more  than  are  listed  in  Table  1,  which  refers 
oidy  to  experiments  at  energies  from  10  keV  upwards),  the  Spacelab-2  experiment, 
in  which  the  Shuttle  carrying  the  eh’dron  gun  circled  around  the  free-flying  Plasma 
Diagnostic  Package  (l’l)P),  produced  numerous  original  results,  'particularly  concern¬ 
ing  the  nu’chanisms  of  wave  generation  [Gunn  It  cl  at.,  1986].  This  consideration 
suggests  that  a  similar  ex[)erim<'nt  using  the  Shuttle  and  the  PDP.  but  with  a  plasma 


beam  source  in  place  of  the  electron  gun,  might  be  equally  helpful  in  clarifying  the 
ionospheric  effects  of  plasma  injections. 

In  this  connection,  a  need  exists  for  the  development  of  new  diagnostic  instru¬ 
ments,  capable  of  measuring  plasma  properties  that  are  not  presejitly  acces.sible.  One 
('xample  is  the  local  fudd-aligned  current  density,  which  should  be  measured  in  sui)port 
of  the  study  of  beam  neutralization  processes,  and  also  for  evaluating  perpendicularly- 
injected  plasma  beams  as  potential  sources  of  .Alfven  wave  radiation  (see  ^jb.3.1).  .\n- 
otlier  is  the  ri'sistivity  of  the  plasma,  measurements  of  which  are  needed  in  order  to 
test  one  theory  of  the  origin  of  beam-induced  enhancements  of  low-energy  auroral 
electron  precipitation  (see  jj5.3.2).  Instruments  for  measuring  field-aligned  current 
density  [Storey  and  Thiti,  1978;  Illiano  and  Potlelette,  1979]  and  plasma  resistivity 
[Stornj  and  Mnlinyrc,  1976]  have  been  designed,  and  preliminary  tests  of  them  have 
been  made  in  space  with  encouraging  results  [Storey  and  Cairo.  1983:  Storey  and 
'I'hiel,  1981],  but  further  development  is  needed  before  they  can  be  cotisidered  as 
operatiomil:  the  sensor  system  required  for  the  resistivity  measurement  is  little  mori' 
than  a  pair  of  ecossed  dotible-.sphece  dipoles,  with  which  the  existing  P))P  is  already 
equipped. 

file  e.\'[)er(me(its  proposed  above  could  be  performed  from  the  future  .Space  Sta¬ 
tion  as  well  as  from  the  Shuttle,  and  indeed  better  because  of  the  higher  power 
available,  fhe  ingenious  proposal  by  Stenzel  [1985],  mentioned  at  the  end  of  §5.2.6, 
should  also  b('  borne  in  mind.  Some  of  these  experiments  would  require  a  free-flying 
PDP  to  measure  the  resulting  ionospheric  modifications;  clearly,  for  use  with  the 
Station,  the  PDP  wovdd  have  to  be  maneuverable. 

5.,/. ,2.  lligli-beta  experiwents 

The  ex|)ei iment s  to  be  projm.sed  in  this  category  are,  for  the  most  i)art.  novel, 
at  h’ast  in  I  lu'  sense  that  none  like  them  has  been  |)erformed  before  in  low  Earth 
mbit.  Indeed,  the  means  to  perform  them  have  not  been  available.  Natural  plasma 
has  S  <  it.C/i  in  tlie  ionos|)liere.  Artificial  plastna  beams  liava*  ,3  <  1,  e\cei)t  within 
.1  lew  metres  of  the  source,  for  |)r('sently  available  so\irces  and  for  the  magnetic  field 
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strengths  tliat  exist  in  t(ie  ionos{)here.  On  the  other  liand.  a  few  high-beta  plasma 
experiments  liave  been  performed  most  sncTessfiilly  in  s[)aee.  notably  the  AMPTE 
series  mentioned  in  §5,2.6  and  §5.3.1.,  but  for  this  it  was  necessary  to  go  much  further 
away  from  the  Earth,  where  the  natural  magnetic  liclds  are  very  much  weaker.  Our 
suggestion  is  that,  with  the  aid  of  new  plasma  sources,  eciuivalent  experiments  could 
be  performed  in  the  ionosphere  from  the  Spaci'  Shuttle  or,  jireferably,  the  Space 
Station. 

The  need  for  new  plasma  sources  follows  from  considerations  of  scaling,  which 
we  can  illustrate  by  examining  the  possibility  of  scaling  the  AMPTE  artificial  comet 
experiment  [Valenzuela  et  ai.  1986]  down  from  the  solar  wind  to  the  ionosphere.  In 
this  experiment,  the  plasma  source  was  a  barium  canister,  which  released  about  2  kg 
of  neutral  Ra  atoms.  This  neutral  Ba  vapor  cloud  expandetl  at  a  velocity  estimated 
a.s  1 .35  km/s,  while  becoming  ionized  by  solar  radiation  on  a  time  scale  of  ~30  s.  The 
resulting  pla.sma  cloud,  containing  about  10“''’  Ba'*'  ions,  tlien  continued  to  expand, 
pushing  away  the  interplanetary  magnetic  field  before  it.  On  the  sunward  side  and 
on  the  flanks  of  the  cloud,  the  ii;agnctic  field  was  compressed  as  a  result  of  ‘draping’ 
of  the  field  lines,  which  occurred  because  tb^'  .‘^pccrl  of  the  solar  wind  was  faster  than 
the  -Alfven  speed.  The  cloud  attained  its  maximum  diameter  of  ~100  km  after  ~60  s, 
when  there  was  approximat  '  balancp  between  the  kinetic  pressure  of  the  Ba"*"  ions  and 
the  magnetic  pressure  of  the  compressed  intei'idanetary  field,  which  was  measured  as 
120  130  Ill  [Lilli r  tl  ai,  1986];  ])rior  to  the  barium  release,  its  unperturbed  value  was 
10  n  r.  From  then  on,  the  magnetic  field  penetrated  back  into  the  cloud  at  a  speed 
of  ~1.5  km/s,  which  is  much  faster  than  it  could  'urve  done  by  classical  diffusion, 
d  hough  tlie  mechanism  of  fast  penetration  is  not  yet  understood,  Uacrendel  et  al. 
11986]  have  assumed  that  it  is  related  to  the  so-called  ‘snow-plow’  process  [Krall  and 
Tiirrljinrf.  1973],  for  which  the  velocity  would  be 
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where  /d  is  the  magnetic  field  strength,  p  is  the  mass  chuisity  in  the  cloud,  and  the 
subsc  ript  'r  reders  to  the  c(jmi)r(‘ssed  value's.  'I  his  formula  yields  a  value  in  good 


agreement  with  the  observed  one,  so  we  shall  adopt  it  a  basis  for  our  scaling. 


For  the  sake  of  argument,  let  us  assume  that,  in  low  Earth  orbit,  a  manageable 
value  for  the  final  diameter  of  the  cloud  would  be  100  m,  instead  of  the  100  km 
attained  in  the  solar  wind.  Provisionally,  however,  we  shall  leave  all  the  other  aspects 
of  the  experiment  unchanged,  so  as  to  see  what  conclusions  this  leads  us  to.  Thus  we 
take  the  plasma  cloud  to  be  formed  of  barium  ions,  expanding  initially  at  1.35  km/s, 
in  which  case  it  would  attain  its  assumed  full  size  after  37  ms.  In  the  ionosphere, 
satellite  orbital  velocities  are  sub-Alfvenic  (the  minimum  value  of  the  Alfven  velocity, 
which  occurs  at  the  level  of  maximum  density  in  the  F  region,  is  about  130  km/s), 
so  the  magnetic  field  at  the  surface  of  the  cloud  would  not  be  compressed  by  more 
than  a  factor  of  2;  we  take  the  compressed  field  to  be  J5c  =  5  x  10"^  T.  Assuming 
that,  momentarily,  the  magnetic  field  is  wholly  expelled  from  the  volume  occupied  by 
the  cloud,  the  energy  required  to  create  this  diamagnetic  cavity  is  520  joules.  Using 
the  formula  on  p.  701  of  the  paper  by  Valenzuela  et  al.  [1986],  the  total  mass  of 
barium  in  the  cloud  is  estimated  a^  2.85  x  10"'*  kg,  and  correspondingly  the  total 
number  of  barium  ions  is  1.25  x  10^*;  the  mass  density  is  pc  =  5.5  x  10“^°  kg/m^, 
and  the  number  density  2.4  x  10*^  m“^.  As  soon  as  the  cloud  had  been  formed,  the 
compressed  magnetic  field  would  start  to  return.  According  to  (5.8),  the  field  would 
penetrate  into  the  cloud  at  a  velocity  vsp  =  3.8  km/s,  so  it  would  reach  the  center 
in  13  ms.  Since  this  penetration  time  is  less,  by  a  factor  of  ~  3,  than  the  expansion 
time,  it  is  questionable  whether  indeed  a  diamagnetic  cavity  would  be  formed,  though 
the  figures  certainly  imply  that  the  magnetic  field  would  be  reduced  significantly  at 
the  center  of  the  cloud;  however,  since  we  are  unsure  of  the  mechanism  of  penetration 
and  even  more  so  of  its  scaling  laws,  we  should  regard  all  these  figures  as  provisional 
and  leave  the  question  open. 

This  scaled-down  version  of  the  AMPTE  artificial  comet  experiment  would  re¬ 
quire  only  quite  reasonable  amounts  of  matter  and  energy,  but  in  one  crucial  respect 
it  is  clearly  infeasible:  the  material  from  which  the  plasma  cloud  is  formed  cannot  be 
neutral  barium  vapor,  since  the  time  required  for  barium  atoms  to  become  photoion- 
ized  in  sunlight  (see  above)  is  much  longer  than  the  time  of  expansion  of  the  cloud. 
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The  AMPTE  experiment  itself  was  marginal  in  this  respect,  which  worsens  as  the 
spatial  scale  is  reduced.  Hence  the  key  to  scaling  the  experinu-nt  down  is  to  replace 
the  impulsive  source  of  ionizable  neutral  vapor  by  an  'inpulsive  source  ol  fully  ionized 
plasma. 

Unfortunately,  however,  none  of  the  plasma  sources  described  in  ljr).2  has  the 
spherical  symmetry  that  the  experiment  requires.  Two  courses  of  action  are  therefore 
open  to  us;  either  we  envisage  the  use  of  a  completely  new’  type  of  plasma  source,  or 
we  change  the  design  of  the  experiment  so  that  one  of  the  previously  described  types 
of  source  could  be  used.  We  shall  now  consider  these  two  possibilities  in  turn. 

Laboratory  experimenters  have  already  devised  at  least  one  way  of  creating,  al¬ 
most  instantaneously,  a  spherically  symmetrical  cloud  of  fully  ionized  plasma.  This 
is  the  method  used  in  experimental  research  on  inertial  confinement  fusion,  and  it 
consists  of  ionizing  a  pellet  of  some  suitable  material  by  irradiating  it  with  an  intense 


I 

V 

tjt 

Ui 


burst  of  electromagnetic  energy  from  a  powerful  laser.  By  this  means,  but  with  less 
intense  laser  beams  than  are  required  for  fusion  re,searc]),  some  e.xperimenters  have 
already  demonstrated  the  formation  of  diamagnetic  cavities  in  magnetic  fields  [Kit- 
suiiczaL'i  ft  (li.  1974;  Pcchacek  ef  ai,  1980].  In  both  of  these  sets  of  experiments,  the 
pellet  w’as  made  of  solid  deuterium,  which  is  the  material  favored  in  fusion  research, 
and  fully  diamagnetic  (.3  1)  cavities  were  formed.  In  the  more  recent  of  the  iwo 

sets,  the  pellet  was  a  cylinder  of  Do  ice,  1  mm  long  and  1  mm  in  diameter,  and  the 
plasma  was  formed  from  it  by  two-stage  laser  irradiation.  First  it  was  vaporized  by 
a  pulse  from  a  100  joule  (.1)  neodymium-glass  laser,  and  then,  2  /ts  later,  it  w'as  ion- 
i'/.i'fl  and  heated  by  another  pulse  from  a  1  k.)  gain-switched  CO-j  laser.  Holographic 
intcrferoiiK’try  showed  that  the  resulting  plasma  contained  about  2  x  10’’'  electrons, 
wliif  li  col  responded  closely  to  the  number  of  atoms  originally  in  tlu'  pellet,  and  con¬ 
firmed  that  the  ionization  was  almost  100%;  the  velocity  of  expansion  of  the  plasma 
was  about  7  X  lO’  m/s.  The  applied  magnetic  field  w'as  about  0.2  T.  but  it  was 
non-uniform.  Ijeing  designed  so  as  to  confine  the  plasma  and  prevent  it  from  reaching 
the  walls  of  the  vacuum  chamber;  the  expanding  |)lasma  cloud  attained  its  maximum 
diameter  of  about  tlO  cm  after  about  2  /ts.  d’he  number  of  ions  in  this  laboratory 
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plasma  cloud,  and  the  energy  required  to  create  it,  were  similar  to  those  for  the  cloud 
created  in  space  by  the  MPD  arcjet  in  the  SEPAC  Spacelab-1  experiment  (see  §5.1). 

Accordingly,  it  is  interesting  to  see  what  sized  cloud  would  be  produced  if  this 
laboratory  experiment  were  to  be  transposed  to  space  as  it  stands.  By  inserting 
the  figures  from  the  last  paragraph  into  the  argument  developed  earlier,  in  the  next 
paragraph  after  the  equation  (5.8),  we  find  that  the  plasma  cloud  would  expand  to 
a  maximum  diameter  of  86  m  in  0.6  ms;  the  plasma  density  would  then  be  6  x 
m~'^,  corresponding  to  a  plasma  frequency  of  about  70  MHz,  so  this  artificial  plasma 
cloud  would  constitute  a  major  ionospheric  modification.  Its  size  would  be  much  the 
same  as  we  had  envisaged  for  our  scaled-down  version  of  the  AMPTE  experiment: 
increasing  the  diameter  to  our  nominal  100  m  would  require  the  mass  of  the  pellet 
and  the  energy  of  the  laser  pulses  to  be  increased  by  60%.  On  the  other  hand,  the 
expansion  of  the  deuterium  plasma  cloud  would  be  much  faster  than  that  of  the 
barium  cloud  that  we  were  considering  earlier,  which  is  partly  because  the  deuterium 
ions  are  lighter,  but  mainly  because  the  laser-produced  plasma  is  hotter.  The  rapidity 
of  the  expansion  ensures  that  a  true  diamagnetic  cavity  would  be  formed,  and  even 
0.6  ms  is  a  sufficient  time  to  allow  good  measurements  to  be  made  by  a  PDF  inside 
the  cloud. 

Thus,  using  laser-produced  plasma  clouds,  it  seems  entirely  feasible  to  perform 
AMP'l’E-type  experiments  in  low  Earth  orbit.  A  typical  experiment  might  proceed 
as  follows.  A  pellet  of  ionizable  material  is  ejected  from  the  main  spacecraft,  and  its 
subsequent  motion  tracked  by  lidar.  When  the  pellet  has  reached  a  suitable  position 
in  relation  to  a  free-flying  POP,  it  is  vaporized  and  ionized  by  pulses  from  a  high- 
power  laser  system.  The  POP  then  measures  the  dynamic  phenomena  associated  with 
the  evolution  of  the  plasma  cloud,  and  relays  the  data  back  to  the  main  spacecraft.  A 
low-power  radar  mounted  on  this  sj)acecraft  measures  the  radius  of  the  cloud  versus 
tinu'  after  firing  the  lasers.  Such  an  experiment  could  be  performed  either  from  the 
Shiilllo  or  from  Space'  Station. 

.•\  preliminary  de'sigii  study,  including  some  laboratory  research,  would  be  required 
in  order  to  determine  the  best  conditions  for  this  ('xperiment.  The  laboratory  effort 


would  be  aimed  at  finding  the  best  combination  of  laser  and  pellet,  and  the  question 
of  how  to  eject  the  pellet  should  also  be  addressetl.  Devices  have  been  built  that 
acceh'iate  pellets  of  solid  hydrogen  or  deuterium  to  speeds  of  up  to  2  km/s;  they  are 
intended  for  fueling  magnetic  confinement  fusion  reactors  such  as  tokamaks  [Combs 
it  ai.  It)d6:  Honu)  ct  «/.,  1986;  Schnresko,  1986].  However,  these  materials  would 
be  inconvenient  to  manipulate  in  orbit,  and  should  be  avoided  unless  hydrogen  or 
deuterium  plasmas  are  specifically  required,  so  thought  should  be  given  to  the  choice 
of  an  alternate  material  for  the  pellet.  With  plasmas  formed  from  heavy  atoms,  the 
exi)ansion  of  the  cloud  would  be  slower,  so  there  would  be  more  time  to  perform  the 
diagnostics;  moreover,  with  a  suitable  choice  of  pellet  material  the  cloud  might  be 
visible,  either  by  scattered  sunlight,  or  at  night  by  illumination  from  the  spacecraft. 

The  scientific  objectives  of  such  an  experiment  would  be  similar  to  those  of 
.AMP  I'E  itself,  namely  to  investigate  the  phenomena  that  occur  when  a  high-beta 
plasma  cloud  is  created  within  a  pre-existing  magnetoplasma.  These  include  the  mo¬ 
tion.  deformation,  and  dispersion  of  the  cloud,  the  formation  of  a  diamagnetic  cavity, 
and  the  non-classical  penetration  of  the  magnetic  field  back  into  this  cavity.  They 
are  relevant  to  cometary  physics,  and  have  other  applications  as  well. 

.\ow,  however,  we  shall  address  the  question  of  whether  some  of  these  objectives, 
and  in  particular  the  clarification  of  the  mechanism  of  magnetic  field  penetration  into 
a  high-beta  plasma,  could  not  be  achieved  in  dilferently  designed  experiments,  using 
plasma  sources  of  more  conventional  kinds  such  as  those  described  in  §5.2. 

rin'  difficulty  about  studying  magnetic  field  penetration  is  that  it  is  often  a  tran- 
--ient  process,  taking  place  so  rapidly  that  tlnue  is  insufficient  time  for  making  detailed 
diagiiostii  >.  .\ow.  one  geuieral  experimental  approach  to  transient  phenomena  (much 
11  '  d.  for  instance,  in  measuring  the  rates  of  rai)id  chemical  reactions)  is  to  study 
I  hem  ill  a  flow.  By  this  means.  rai>id  temporal  variations  are  transformed  into  spatial 
filiations  ahnig  the  flow.  In  the  present  instance,  this  means  that  we  should  study 
magnetic  field  penetration  by  examining  the  <|ih''stion  of  how  a  field  penetrates  into  a 
(lowing  [dasma,  i.e.,  a  beam.  Of  course,  such  experiments  would  have  to  be  performed 
under  high-beta  conditions,  meaning  that  the  beam,  as  it  emerges  from  its  source. 


must  be  sufficiently  dense  and  sufficiently  energetic  to  exclude  the  field  altogether. 
Such  conditions  were  indeed  created  in  the  Aelita  and  Porcupine  rocket  experiments 
(see  §5.3.1).  In  those  experiments,  however,  the  beams  were  injected  into  the  iono¬ 
sphere  perpendicularly  to  the  magnetic  field,  and  the  penetration  was  so  rapid  as  to 
be  complete  within  a  few  metres  of  the  source.  In  the  Aelita  experiments,  no  provi¬ 
sion  appears  to  have  been  made  for  measurements  in  this  region  of  space,  while  in 
the  Porcupine  experiments,  the  plasma  source  was  on  a  sub-payload  ejected  from  the 
main  payload  at  ~3.5  m/s,  so  there  was  very  little  time  for  such  measurements.  It 
would  be  worthwhile  to  perform  similar  experiments  with  better  diagnostics  in  the 
region  close  to  the  source,  and  even  more  so,  to  perform  some  new  experiments  with 
beams  injected  parallel  to  the  field. 

Assuming  a  Shuttle-borne  experiment,  with  a  high-beta  plasma  beam  source 
mounted  on  a  pallet  and  directed  perpendicularly  to  the  Earth’s  magnetic  field,  the 
best  way  to  investigate  the  penetration  of  the  field  into  the  beam  would  certainly  be 
by  means  of  an  instrument  package  on  the  end  of  the  Remote  Manipulator  System 
(RMS).  One  of  the  lessons  learned  from  the  electron  beam  experiment  on  Spacelab-2 
is  that  a  free-flying  POP,  while  an  excellent  device  for  making  measurements  a  few 
hundred  metres  from  the  Shuttle,  is  unhelpful  for  investigating  phenomena  such  as 
BPD  that  may  occur  within  a  few  metres  of  the  source.  Of  course,  the  POP  itself 
was  mounted  on  flic  RMS  during  the  Shuttle  STS  3  mission  in  March  1982,  and  was 
indeed  used  for  just  this  purpose  [Shawhan  et  ai,  1984].  However,  its  instrumentation 
was  not  entirely  suitable;  for  instance,  the  electric  field  antennas  were  larger  than  the 
wavelengths  of  some  of  the  electrostatic  waves  that  are  thought  to  be  a  feature  of 
BPD.  Accordingl}',  plans  for  the  future  Space  Plasma  Laboratory  mission  call  for  an 
instrument  package  dedicated  to  this  investigation  [Emanuel,  1986);  it  will  be  picked 
up  from  the  pallet  by  the  RMS,  which  is  15  m  long,  and  thereby  maneuvered  through 
and  in  proximity  to  the  electron  beam.  We  are  now  suggesting  that  a  similar  dedicated 
package  should  be  used,  in  conjunction  with  the  RMS,  for  experiments  on  magnetic 
field  penetration  into  a  high-beta  plasma  beam  propagating  perpendicularly  to  the 
field;  the  fact  that  the  orbital  velocity  of  the  Shuttle  is  not  negligible  compared  with 


the  velocity  of  the  beam  places  constraints  on  the  choice  of  Shuttle  orbit,  in  order 
for  it  to  be  possible  to  satisfy  the  perpendicularity  condition  simultaneously  for  the 
direction  of  the  axis  of  the  beam  and  for  the  direction  of  motion  of  the  plasma  within 
it,  which  requires  that  the  Shuttle  itself  be  moving  perpendicularly  to  the  field. 

Needless  to  say,  such  experiments  also  could  and  should  be  performed  with  the 
beam  diix'cted  parallel  to  the  magnetic  field;  here  the  considerations  just  evoked  imply 
that  the  Shuttle  would  have  to  be  in  an  orbit  of  high  inclination,  and  the  experiments 
performed  at  low  latitudes,  at  places  where  orbital  motion  is  parallel  to  the  field. 
With  parallel  injection,  however,  the  magnetic  field  is  likely  to  penetrate  the  beam 
more  slowly  than  it  does  for  perpendicular  injection,  and  its  penetration  may  be 
accompanied  by  filamentation  of  the  beam  at  long  distances.  Hence  the  phenomena 
of  int('r('st  would  extend  further  from  the  source,  and  should  be  explored  by  a  free- 
llying  PDF  as  well  as  by  an  instrument  package  on  the  RMS. 

In  the  foregoing  paragraphs,  we  have  focused  our  attention  on  magnetic  field 
l)enet ration,  but  clearly  all  the  other  phenomena  associated  with  plasma  beam  prop¬ 
agation  in  the  ionosphere,  as  described  in  §5.3,  need  to  be  investigated  for  high-beta 
beams  as  well  as  for  low-beta  ones. 

.A  snu  qua  non  for  all  the  pi'opo.sed  experiments  with  high-beta  plcisma  beams 
is  the  availability  of  suitable  plasma  sources.  Such  sources  can  be  and  have  been 
built  (see  fable  2),  but  not  in  the  USA,  where  the  effort  has  been  directed  more 
towards  the  development  of  plasma  thrusters  for  spacecraft  propulsion,  with  some 
w(uk  also  on  plasma  contactors  for  spacecraft  neutralization.  Sources  developed  for 
tliesf  purpo.ses  are  not  necessarily  appropriate  for  space  experiments  on  high-beta 
plasma  beams,  so  there  there  is  an  urgent  need  for  research  and  development  on 
-  pai  l■-(|llalified,  high-power,  high-beta  ()lasma  sources. 

An  investment  in  high-beta  fjlasma  research  in  low  Earth  orbit  might  yield  unex- 
pe(  tcfl  di\  ideiids.  It  is  a  commonplace  that  over  99%  of  the  matter  in  the  universe 
is  in  the  form  of  plasma,  but  perha|)s  it  is  less  widely  appreciated  that  almost  all  of 
this  plasma  has  li  >  1:  natural  low-beta  plasmas  such  as  exist  in  Earth’s  ionosphere 
are  ielativ(dy  rare,  flie  solar  wind  plasma  in  interplanetary  space  has  /f  ~  1,  but 


since  its  flow  velocity  is  so  much  higher  than  the  ion  thermal  velocity,  it  behaves  as 
a  high-beta  plasma  in  all  phenomena  engendered  by  its  encounters  with  the  planets 
(such  as  cus  bow  shocks  and  magnetopauses,  or  the  ionopause  in  the  case  of  Venus, 
which  lacks  a  magnetosphere  since  it  has  no  intrinsic  magnetic  field,  but  has  a  high- 
beta  ionosphere  instead),  with  comets  (bow  shocks,  plasma  tails),  and  ultimately 
with  the  interstellar  gas  (heliopause).  In  interstellar  clouds,  such  as  those  in  H-I  and 
H-Il  regions,  J  ~  10  is  typical.  There  are  even  natural  examples  of  narrow  beams  of 
high-beta  jdasma.  some  emerging  from  compact  stars  within  our  own  galaxy,  others 
from  the  nuch'i  of  remote,  more  active  galaxies  [Blandford,  1986].  While  it  is  doubtful 
whether  such  large-scale  phenomena  could  be  modeled  realistically  in  low  Earth  orbit, 
it  is  conceivable  that  some  aspects  of  them  could  be,  and,  more  generally,  any  deeper 
understanding  of  high-beta  pl.asma  physics  that  could  be  gained  from  experimental 
r('search  in  low  Earth  orbit  might  well  prove  to  have  wider  applications. 

5.5.  Summary  of  Proposed  Experiments 

5.0.1.  .Arhjicuil  Pld.irnn  [)tn.-<ity  Structures 

The  use  of  a  plasma  beam,  insteaxi  of  the  electron  beam  proposed  by  Banks  and 
(iilrlirisi  [ItiS")].  slujuld  enabie  such  structures  to  be  created  at  higher  altitudes. 

rtiis  experinient.  and  most  of  the  others  summarized  below,  need  prior  laboratory 
work  to  develoj)  a  suitable  high-power  plasma  source. 

5.5. J.  Lou'-Bda  Pla.srna  Beam  Dynamics 

The  l)road  obj('ctive  of  the.se  experiments  would  be  to  investigate  the  phenomena 
associated  with  plasma  beam  pro|)agation  througli  the  ionospheric  magnetoplasma, 
uliieh  include: 

•  I’enet  I  at  ion  of  t  he  Earth's  magnetic  field  into  the  initial  high-beta  beam; 

•  .\(  ( clerai  ion  of  the  l)eam  electrons  to  suprathermal  energies,  and  their  diversion 
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Neutralization  of  the  beam  ions  by  ionospli<‘ric  thermal  electrons; 


•  Generation  of  electrostatic  and  electromagnetic  waves  (Alfven.  ion  cyclotron, 
lower  hybrid,  whistler-mode,  high-frequency); 


•  Creation  of  anomalous  plasma  resistivity. 


For  the  sake  of  continuity  with  the  majority  of  the  previous  rocket  experiments, 
the  initial  Shuttle  experiments  now  proposed  should  emphasize  beam  propagation 
perpendicular  to  the  magnetic  field. 

The  method  of  investigation  would  con.sist  essentially  of  repeating  the  Shuttle 
Spacelab-2  electron-beam  experiment,  but  with  a  plasma  source  in  place  of  the  elec¬ 
tron  gun,  and  with  improved  diagnostics.  The  latter  would  include  a  small  RMS- 
mounted  insfrmiH'nt  package,  designed  for  measuring  the  properties  of  the  beam  near 
to  its  source.  The  instrumentation  of  the  free-flying  PDF  should  include  devices  for 
measuring  i)lasma  resistivity  and  field-aligned  current  density;  these  require  further 
development,  which  may  call  for  some  rocket  experiments  as  well  as  for  laboratory 


work. 

5.O.J. 

Ay. 

5.O.J.  Tiro-Slrfciiii  lustnbilitiin 


This  proposal  is  due  to  Stenzd  [1985].  Its  objective  is  to  ci'eate,  in  a  large  volume 
(many  tens  of  m*)  of  uniform  space  plasma,  well  controlled  conditions  favoring  the 
excitation  of  ion-ion  interstreaming  instabilities,  and  to  measure  the  properties  of  the 
resulting  plasma  turbulence. 

This  experiment  is  proposed  for  Space  Station.  It  would  involve  erecting  a  large 
flat  multi  grid  (dect rostatic  probe  facing  into  the  ram  direction,  and  biasing  the  grids 
in  su(  h  a  way  as  to  reflect  a  known  proportion  of  the  oncoming  ionosplnuic  plasma. 
Diagnostif  s  would  be  performed  liy  an  instrument  package  mounted  on  an  UMS,  plus 
f'.cnt  uall V  an  inst  rumentc'd  free-liver. 
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5.5.4-  High-Beta  Plasmoid  Dynamics 

These  experiments  would  be  low-altitude  analogs  of  the  AMPTE  artificial  comet 
experiments,  and  would  have  the  same  scientific  objectives,  especially  the  study  of 
the  non-classical  penetration  of  a  magnetic  field  into  a  high-beta  plasma. 

The  basis  of  the  experimental  method  is  the  sudden  formation  of  a  fully-ionized 
plasma  cloud  by  laser  irradiation  of  a  pellet  ejected  from  the  Shuttle  or  from  the 
Space  Station.  A  preliminary  study,  including  laboratory  experiments,  is  needed  to 
identify  the  most  suitable  combination  of  laser  and  of  pellet  material,  and  to  develop 
the  pellet  ejection  system.  Diagnostics  would  be  accomplished  by  a  free-flying  PDP, 
and  by  a  radar  mounted  on  the  main  spacecraft. 

5.5.5.  High -Beta  Plasma  Beam  Dynamics 

d  hese  experiments  would  be  simiUir  in  design  to  those  proposed  in  §5.5.2,  with 
the  difference  that  they  would  rec|uire  the  use  of  a  plasma  source  of  much  higher 
power,  which  has  yet  to  be  developed  in  the  USA.  Their  scientific  objectives  overlap 
those  of  §5.5.4,  inasmuch  as  the  main  one  is  to  clarify  the  mechanism  of  magnetic  field 
penetration  into  a  flowing  high-beta  plasma.  For  this  reason,  the  initial  experiments 
should  emphasize  beam  propagation  |)a.rallel  to  the  magnetic  field,  a  situation  in  which 
field  penetration  is  probably  a  simph'r  and  slower  process  than  it  is  for  perpendicular 
propagat  ion. 
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Addendum 

.As  this  report  was  going  to  print,  the  authors’  attention  was  called  to  the  following 
jmper.  which  describes  a  rocket  experiment  with  a  positive  ion  beam  not  neutralized 
by  electrons.  The  purpose  of  (he  experiment  u'as  to  study  spacecraft  charging,  and 
llie  ionospheric  effects  of  the  beam  w^ere  not  investigated. 


Cohen,  H.  A.,  et  al.,  Spacecraft  charging  due  to  positive  ion  emission:  An  experimen 
tal  study,  Ctophys.  Res.  Lett.,  6,  515-518,  1979. 


The  abstract  is  reproduced  below; 

■■Results  have  been  obtained  from  the  (light  of  a  sounding  rocket  payload  instrumented 
to  determine  the  cause  and  extent  of  charging  of  vehicles  in  the  ionosphere  during 
the  ejection  of  energetic  charged  particles.  Vehicle  potential  was  measured  using 
several  independent  |)robes  while  beams  of  positive  ions  or  electrons  were  ejected. 
Positive  and  negativ*-  potentials  were  created  by  the  ejection  of  electrons  and  j^os- 
itivc  ions  respectively,  h'or  constant  ion  currents  of  8  microamperes  and  energies 
ot  1  keVh  vehicle  potentials  ranged  from  volts  to  hundreds  of  volts,  depending  on 
ambient  plasma  density  but  independent  of  neutral  density  and  vehicle  pitch  angle. 
.'\  maximmn  vehicle  potential  greater  than  1  keV  was  obtained  during  an  emission 
ol  400  niicroa  in  penes  ot  '2  ke\'  positive  xenon  ions.” 
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6.  IONOSPHERIC  MODIFICATION  BY  X-RAYS  AND  EUV  RADIA¬ 
TION 

6.1.  Introduction 

In  this  chapter  we  consider  two  new  methods  of  ionospheric  modification  by  means 
of  X-rays,  or  more  generally  by  means  of  a  combination  of  X-rays  and  extreme  ul¬ 
traviolet  (EUV)  radiation.  The  methods  differ  in  their  source  of  X-rays  and  in  the 
presence  or  absence  of  collimation  of  the  X-ray  beam.  One  of  the  methods  makes 
use  of  an  an  infrared  laser  beam  to  generate  X-ray/EUV  radiation.  The  beam  is 
focussed  on  a  tantalum,  (or  other  heavy  metal)  target,  with  the  X-ray/EUV  radiation 
so  generated  being  collimated  into  a  narrow  beam  by  means  of  reflection  at  grazing 
incidence  from  a  metal  paraboloid.  The  other  method  makes  use  of  the  high-energy 
electron  beam  {Eg  ss  5  MeV)  considered  in  Chapter  4:  metal  targets  are  scattered 
into  the  beam  and  X-ray  radiation  produced  by  the  electrons  impinging  upon  the  tar¬ 
gets.  The  X-ray  radiation  generated  by  this  second  method  is  not  collimated.  Some 
variations  of  these  basic  methods  are  feasible.  For  example,  the  collimation  step  in 
the  first  method  could  be  omitted  and  the  uncollimated  X-ray/EUV  radiation  used 
for  modification.  However,  we  will  not  discuss  these  variations  in  detail.  Further,  of 
the  two  methods  proposed  here,  we  will  only  consider  the  infrared  laser/collimated 
.X-ray  beam  method  in  depth,  since  the  technology,  although  new,  has  been  tested  in 
the  laboratory  and  appears  to  have  immediate  promise  for  application  in  space.  The 
relativistic  electron  beam  method  exploits  developing  technology,  has  certain  distinc¬ 
tive  features  in  the  form  of  the  ionospheric  modification  that  it  produces,  and  appears 
to  be  feasible,  but  it  will  require  more  development  before  it  can  be  considered  to  be 
pract  icable. 

It  will  be  seen  that  one  of  our  .X-ray  sources  involves  the  u.se  of  a  laser,  but  it 
is  not  an  .X-ray  la.ser.  It  is  well  known  that  the  United  States  has  considered  the 
develo])ment  ol  a  space-ba.sed  X-ray  la.ser  that  is  energized  by  a  nuclear  explosion  and 
whose  purpose  is  to  incapacitate  ballistic  mi.ssiles.  The  X-rays  from  such  a  laser  could 
well  create  significant  modification  effects  in  the  ionosphere,  or  upper  atmosphere 


.Vi 


144 


sphere  generally.  However,  in  this  report  we  do  not  consider  such  an  X-ray  source, 
since  its  application  to  upper  atmosphere  research  does  not  appear  to  be  fecisible  and 
our  purpose  is  to  investigate  sources  that  will  have  their  primary  application  in  such 
research.  We  might  point  out  at  this  time,  however,  that  Stanford  University  has 
helped  pioneer  the  development  of  short  wavelength  lasers  and  currently  has  an  ul¬ 
traviolet  laser  in  operation.  Such  a  laser  could  be  used  on  a  rocket  or  other  spacecraft 
for  modification  of  the  ionospheric  plasma,  but  its  use  will  not  be  considered  further 
here. 

The  lower  ionosphere  is  largely  created  by  X-rays  from  the  sun,  with  some  tissis- 
tance  from  solar  ultraviolet  radiation  and,  at  the  lowest  altitudes  (D-region),  from 
cosmic  rays.  The  E-region  is  believed  to  be  generated  mainly  by  soft  solar  X-rays 
(wavelengths  in  the  range  10-100  A;  the  X-ray  designations  are  defined  in  Table  1), 
and  hard  solar  X-rays  are  an  important  source  of  ionization  in  the  D-region  during  pe¬ 
riods  of  high  solar  activity  [UTiitten  and  Poppoff,  1965].  Man-made  X-rays  therefore 
have  a  very  natural  application  to  ionospheric  modification  and  a  controlled  source 
of  X  -rays  in  the  upper  atmosphere  would  enable  features  of  the  naturally-occurring 
ionospheric  generation  process  to  be  studied  experimentally  for  the  first  time.  Solar 
ultraviolet  light  also  contributes  significantly  to  the  formation  of  the  ionosphere,  par¬ 
ticularly  the  intense  Lyman-a  line  (1216  A),  which  penetrates  deeply  and  contributes 
significantly  to  D-region  ionization,  and  the  Lyman-/?  line  (1025  A),  which  contributes 
to  E-region  ionization.  A  man-made  source  of  UV  radiation  in  the  ionosphere  would 
have  many  bcisic  science  applications  as  well  as  having  an  obvious  application  to 
p  ionospheric  modification. 

Table  1  defines  the  soft  and  hard  categories  of  X-rays,  and  gives  the  wavelength 
range  for  extreme  ultraviolet  (EUV).  The  various  designations  vary  between  authors 
and,  in  the  present  competitive  environment  for  the  production  of  shorter  wavelength 
la.sers,  and  for  the  development  of  X-ray  lasers  in  particular,  it  is  not  unusual  to  find 
the  wavelength  limit  for  X-rays  being  moved  up  into  what  is  defined  as  the  EUV 
range  in  Table  1.  The  wavelength  ranges  in  the  table  are  those  most  commonly 
given,  and  we  will  generally  adhere  to  its  terminology.  The  data  in  Tables  2a  and 


Table  1.  X-ray  and  Extreme  Ultraviolet  (EUV)  wave¬ 
length  ranges  (where  1  A  =  10~^°  m  =  0.1  nm). 

Description  Wavelengths  (A)  Wavelengths  (nm) 


Hard  X-rays 

0.1  -  1 

0.01  -  0.1 

1  -  10 

0.1  -  1 

Soft  X-rays 

10  -  100 

1  -  10 

EUV 

100  -  1,000 

10  -  100 

2b  supplement  the  wavelength  ranges  given  in  Table  1.  They  show,  respectively,  the 
photon  energies  for  electromagnetic  waves  with  wavelengths  in  the  range  0.01-1000 
and  the  wavelength  ranges  for  photon  energies  in  the  range  10  eV  to  1.0  Mev.  The 
energies  are  given  in  electron  volts,  the  conversion  factor  for  joules  is  1  eV  =  1.6022 
X  10-‘9  J,  and  E(eV)  =  12,399/A(A). 

6.2.  Absorption  of  X-Rays 

.Several  different  physical  processes  contribute  to  X-ray  absorption  in  matter;  they 
differ  in  relative  importance  depending  on  the  photon  energy  hu,  where  h  is  Planck’s 
constant  and  u  is  frequency,  and  on  the  atomic  number  of  the  particular  atoms  in¬ 
volved.  The  following  three  processes  are  the  most  important  for  the  absorption  of 
.X-rays  in  the  upper  atmosphere  [Culhane  and  Sanford,  1981]: 

(1)  The  Photoelectric  Effect.  This  effect  is  responsible  for  the  most  important  ab¬ 
sorption  process  for  the  X-rays  considered  in  this  report.  In  the  photoelectric  effect, 
the  X-ray  photons  remove  bound  electrons  from  the  atoms  of  the  absorbing  material 
and  the  electrons  released  from  the  atoms  acquire  and  carry  off  the  photon  energy. 
I  he  photoelectric  absorption  cross-section  decreases  with  photon  energy  for  a  given 
absorber,  and  increases  with  atomic  number  for  a  fixed  photon  energy.  Light,  low 
atomic  number  elements  like  hydrogen  and  carbon  are  therefore  much  less  effective 
absorb('is  than  are  the  heavy  elements.  However,  it  is  the  total  number  of  atoms  in 
the  [)ath  of  the  X-rays  that  determines  the  overall  reduction  in  their  intensity.  As  a 
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Table  2a.  A  table  relating  wavelength  A 
measured  in  Angstrom  units  (A)  to  photon 
energy  E  in  electron  volts  (eV). 


A  (A) 


1.24  MeV 
124  keV 
12.4  keV 
1 .24  keV 
124  eV 
12.4  eV 


Table  2b.  A  table  relating  photon  energy 
E  in  electron  volts  (eV)  to  wavelength  A 
measured  in  Angstrom  units  (A). 

E  A  (A) 

1.0  MeV  0.G124 

100  keV  0.121 

10  keV  1.24 


100  eV 


m 


« I 

c 


result,  although  a  gas  has  many  fewer  atoms  per  unit  volume  than  a  solid,  an  X-ray 
beam  can  be  absorbed  quite  effectively  in  a  gas  if  the  beam  traverses  a  long  path. 

(2)  The  Compton  Effect.  Compared  with  the  photoelectric  effect,  the  Compton  effect 
becomes  significant  at  higher  photon  energies  [hu  >  50  keV).  These  photon  energies 
arc  much  greater  than  the  energy  that  binds  the  electrons  in  atoms  and  the  target 
electrons  may  be  thought  of  as  being  virtually  free.  The  effect  can  be  regarded  simply 
as  the  collision  of  a  photon  with  an  electron:  the  incoming  photon  collides  with  and 
gives  up  some  of  its  energy  to  one  of  the  atomic  electrons  and  leaves  the  interaction 
site  at  some  angle  to  its  original  direction.  The  recoiling  electron  leaves  in  a  direction 
that  makes  an  angle  with  the  original  photon  path  and  carries  away  momentum 
equal  to  the  momentum  difference  between  the  original  and  outgoing  photon.  For 
a  given  element,  the  Compton  effect  takes  over  increasingly  from  the  photoelectric 
effect  as  the  photon  energy  increa.ses.  The  process  does  not  totally  stop  the  incoming 
photons,  but  redirects  or  scatters  them  and  reduces  their  energy.  However,  the  total 
cross  section  for  the  interaction  gives  a  valid  measure  of  the  likelihood  of  an  X-ray 
being  removed  from  the  beam  direction. 

(3)  Pair  Production.  At  even  higher  photon  energies  (hn  >  1  Mev)  than  those 
involved  in  the  photoelectric  and  Compton  effects,  it  is  possible  for  a  photon  to 
interact  with  matter  in  such  a  way  that  it  disappears  and  is  replaced  by  an  electron- 
positron  pair.  This  third  process  is  known  as  pair  production,  and  it  takes  place  in  the 


region 


of  electric  field  around  an  atomic  nucleus.  The  cross  section  increases  with  the 


scpiare  of  the  atomic  number  (Z)  of  the  material  in  which  the  interaction  takes  place. 
This  may  be  attributed  to  the  size  of  the  region  of  strong  electric  field  around  the 
nucleus  also  increasing  with  Z^.  A  roughly  equal  division  of  photon  energy  between 
the  electron  and  the  positron  is  the  most  likely  outcome. 

The  X-ray  photons  of  primary  interest  in  this  report  are  those  generated  by  an 
Infrared  laser  beam  and  their  energies  are  currently  on  the  order  of  a  few  keV  or  less. 
.As  a  (  onscfiuence.  X-ray  absorption  due  to  the  Compton  effect  or  pair  production 
will  not  be  considered  further.  It  is  possible  that  the  X-ray  photon  energies  resuting 
friuii  the  infrared  laser  generation  process  could  begin  to  approach  50  keV  in  the 
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future,  in  which  case  absorption  via  the  Compton  effect  would  begin  to  assume  some 
relevance.  However,  our  present  view  is  that  such  an  increase  in  photon  energy  will 
not  be  achieved  easily.  On  the  other  hand,  for  the  relativistic  electron  beam  method 
of  generation  of  X-rays,  which  is  considered  briefly  in  a  later  section,  it  is  likely  that 
the  photon  energies  will  exceed  50  keV  and  absorption  via  the  Compton  effect  will 
be  important. 

6.3.  X-ray  Absorption  Cross  Sections 


r. 

r/v. 


It  will  be  noted  that  the  X-ray  wavelength  range  covers  three  decades,  whereas  in 
the  visible  range  the  wavelengths  vary  only  by  a  factor  of  ~  2.  It  should  therefore  be 
no  surprise  that  there  is  a  substantial  difference  between  the  physical  properties  of  the 
haidesl  and  softest  X-ray, s.  Perhaps  the  most  important  difference  for  our  purpose  is 
the  wide  variation  of  the  absorption  cross  section  of  the  various  atomic  and  molecular 
species  in  air.  The  largest  cross  sections,  typically  cm^  occur  in  the  soft 

X-ray  band,  where  the  K  limits  for  carbon,  nitrogen,  and  oxygen  are  located  (see 
Chapter  6  ot  Banks  and  Kocharts,  [1973]).  This  is  of  course  the  primary  reason  for 
the  close  association  between  X-ray  absorption  and  the  formation  of  the  E-region  of 
the  ionosphere;  unit  optical  depth  for  the  wavelength  range  10-100  A  is  concentrated 
in  a  layer  about  20  km  thick  centered  near  110  km.  The  absorption  cross  sections  for 
the  same  atomic  species  lie  in  the  range  10“'^'*-10'‘‘^  cm“  for  0.1  <  A  <  1.0  A  and  in 
the  range  10~“^  10“*^  for  1  <  A  <  10  A. 

•Specific  K  limit  ionization  thresholds  for  oxygen,  nitrogen,  and  carbon  are  23.3 
A  (0.5.33  ke\  ).  in.O  A  (0.397  keV),  and  44.0  A  (0.282  keV),  respectively.  For  those 
altitudes  with  which  we  are  most  concerned  (ionospheric  altitudes  less  than  200  km) 
the  predominant  gas  is  molecular  nitrogen,  with  molecular  oxygen  the  next  most 
common  constituent.  Banks  and  Kocharts  [1973]  divide  the  spectral  range  into  two 
parts,  de|)ending  on  whether  the  wavelength  is  greater  or  less  than  31  A,  and  they 
divide  each  of  the  ranges  10  31  A  and  31  100  A  into  three  parts  for  each  of  which 
they  provide  a  mean  value  of  cross  section.  These  values  can  be  used  to  simplify  the 
calculation  of  absorption  of  an  .X-ray  beam  with  a  wavelength,  or  wavelengths,  in  the 


range  10-100  A. 


6.4.  X-ray  Beam  Generation  by  Infrared  Laser 

6.4-i-  Description  of  System 

In  the  following  we  will  describe  a  general  procedure  for  the  generation  of  X- 
rays  by  means  of  an  infrared  laser,  and  we  will  illustrate  its  practical  application  by 
reference  to  an  experimental  system  that  is  currently  in  operation  in  the  Ginzton 
Laboratory  at  Stanford  (research  directed  by  Professors  S.E.  Harris  and  J.F.  Young). 
The  numbers  quoted  for  the  experimental  system  are  illustrative,  but  they  should  be 
treated  with  great  care  when  projecting  a  possible  application  of  the  system  in  space. 
As  we  will  show,  the  present  experimental  system  would  be  capable  of  producing 
columns  of  substantially  enhanced  ionization  if  it  could  be  operated  in  its  present 
configuration  in  the  ionosphere.  However,  many  improvements  and  variations  of  the 
present  configuration  are  possible,  which  have  the  potential  for  greatly  improving  both 
its  efficiency  as  an  X-ray  generator  and  its  ability  to  produce  ionospheric  ionization. 

The  general  procedure  we  will  consider  for  the  generation  of  X-rays  by  means  of 
an  infrared  laser  is  illustrated  in  Figure  1.  The  generation  process  has  the  following 
two  steps.  First,  the  infrared  beam  from  a  Nd:YAG  laser  (wavelength  approximately 
1.06  /rm)  is  focussed  on  a  piece  of  metal  with  a  high  atomic  number  such  as  tantalum, 
where  it  generates  a  small,  intensely  hot  spot  that  is  a  strong  source  of  soft  X-rays 
and  EUV  radiation.  The  radiation  is  predominantly  blackbody  radiation  and  the 
wavelength  Xmaz  for  maximum  spectral  emittance  is  inversely  proportional  to  the 
temperature  T  (in  degrees  Kelvin),  according  to  Wien’s  displacement  law: 

XmarT  =  2.8978  X  10~^  m  degK.  (6.1) 

For  the  illustrative  Stanford  system,  starting  with  a  compact  laser  generating 
~  1  nsec.  1  .1  infrared  pulses,  the  temperature  of  the  heated  spot  lies  in  the  range 
10'^  lO**  degK,  and  the  resulting  X-ray  radiation  is  confined  largely  to  the  band  .'30- 
;300  A.  High  er  powered  and  therefore  larger  lasers  can  be  used  to  generate  shorter 
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wavelength  X-ray  radiation  {t.q.  Mallozzi  it  al.  [197.3]).  The  efficiency  of  the  infrared 
to  X-ray  com inrsion  process  is  about  lO'X  in  the  illustrative  system,  but  efficiencies  of 
nOVi  or  more  hm-e  lieiui  achieved  in  other  systems  by  going  to  higher  frequency  lasers 
(ultraviolet  h'mers  h.axe-  bi'eu  used)  and  shorter  pulses  [e.g.,  Nishimura  et  ai,  1983]. 

I  !;"  X-ray-  from  the  heated  spot  spread  out  isotropically  and  tt"i.s  c.oubj  be  used 
to  produce  a  roughly  spherical  region  ot  ionization  in  the  ionospnere  surrounding  the 
metal  target,  if  desired.  This  possible  method  of  ionospheric  modification  could  have 
application  in  space  research,  but  it  will  not  be  considered  funnier  here  because  of 
the  greater  interest  of  the  X-ray  beam  method.  To  generate  a  beam  of  X-rays,  we 
introd.uce  a  second  step.  The  s[)ot  where  these  X-rays  is  generated  on  the  tantalum 
target  is  located  at  the  focus  of  a  gold-plated  stainless  steel  paraboloid.  Through 
reflection  at  grazuig  incidence,  llie  paraboloid  forms  the  X-rays  into  a  beam  that  can 
be  quite  narrow  { I  -10  cm  in  diameter)  and  which  will  maintain  this  narrowness  over 
conqiarat  i  vely  large  distances  in  the  absence  of  scatterers.  As  is  to  be  expected,  there 
is  a  Kass  of  .X-rays  in  the  conversion  from  a  largely  isotropic  distribution  to  a  beam. 
For  tlu'  Stanford  system,  the  efficiency  of  the  grazing  incidence  reflection  process  of 
beam  formation  is  roughly  10%. 

riie  spreading  of  the  beam  depends  on  many  different  factors.  For  example,  the 
healed  spot  radiating  the  X-rays  is  not  a  geometrical  point  but  has  a  finite  width 
of  tlie  order  of  100- -300  prn.  As  a  result,  there  is  an  intrinsic  spread  to  the  X-rays 
associatcfl  with  their  source.  The  reflector  will  not  be  a  perfect  paraboloid  or  ellipsoid, 
and  its  -urfacc  will  also  have  certain  irregularities.  'Idiese  imperfections  will  further 
spread  tli<’  beam,  rhen,  finally,  there  is  diffraction  associated  with  the  finite  aperture 
of  the  reflector,  t  he  spreading  caused  by  the  latter  can  be  estimated  and  it  is  very 
smali:  ui  ihe  order  of  centimeters  at  distances  in  the  range  10  100  km.  Spreading 
due  t(j  the  finite  size  of  the  source  appears  to  b(.'  the  major  factor,  since  the  reflectors 
in  prey  III  uy  have  sinall  diiiK'usiims  and  a  small  angular  spread  in  the  radiation  from 
the  :ourcc  <  an  translate  into  significant  spreading  at  distances  in  the  range  10-100 
km.  boiiuh  estimates  based  on  the  reflectors  cm  rent  ly  in  use  at  Stanford,  which  have 
an  apeiture  v.iflth  of  aljout  If)  cm.  and  a  similar  length,  give  a  beam  width  of  about 
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50  m  at  10  km  distance  for  the  largest  heated  spot  size  (500  /mi),  as  compared  witii 
a  width  of  10  cm  for  the  idealized  system. 

The  reflecting  surface  for  the  Stanford  system  shown  in  Figure  1  is  an  ellipsoid 
instead  of  a  paraboloid,  and  the  X-ray  beam  is  focussed  instead  of  being  formed  into 
a  parallel  beam.  However,  it  is  a  trivial  change  to  substitute  a  paraboloid  and  thus 
form  a  parallel  beam.  Furthermore,  a  hyperbolic  surface  could  also  be  used,  if  a 
-spreading  beam  was  desired.  No  further  reference  will  be  made  here  to  the  focussing 
of  X-rays,  but  it  could  be  an  important  capability  if  a  particularly  inten.se  flu.x  of 
X-rays  was  required  at  a  specific  location  in  the  ionosphere. 

Now  consider  the  following  order-of-magnitude  computation,  which  illustrates 
a  possible  experimental  situation.  We  start  with  a  laser  generating  1  .]  pulses  of 
infrared  radiation,  which  convert  to  roughly  0.1  .1  of  X-rays  radiated  from  the  heated 
spot  and  to  roughly  0.01  J  in  the  X-ray  pulses  in  the  beam  produced  by  the  tantalum 
target/reflector  assembly.  We  now  use  the  following  relationship,  which  follows  from 
the  conservation  of  optical  etendue  [Welford  and  Winston,  1978],  to  convert  between 
the  beam  width  at  the  target  to  the  width  at  anotlier  location; 

/hfli  =  .42^2.  (6.2) 

where  and  /\2  the  initial  and  final  areas  of  the  beam,  and  fli  and  f22  are  the 
initial  and  final  solid  angles  associated  with  the  beam.  For  our  ‘finaT  beam  location 
we  take  the  focal  plane  (Phgure  1).  Typical  initial  values  are  /Aj  =  10~''  cm"  and 
Qi  =  TT.  Possible  choices  of  the  area  A2  depend  on  the  characteristics  of  the  reflector 
assembly;  we  will  take  A-i  =  400  cm"  as  a  typical  figure.  For  /A2  =  400  cm"\  i.c..  a 
focal  area  2.3  cm  in  diameter,  (1)  gives  TrlO”"^  =  x  400,  where  Q.2  =  7r(l.^.  Thus 
O2  —  ox  lO"”*  radians.  If  we  now  take  a  distance  A  =  10  km  along  the  beam,  its 
diameter  will  be  roughly  Ij0>,  or  5  m.  For  a  distance  of  50  km  the  beam  diameter 
will  be  about  25  m.  rhe.se  estirnate.s  do  not  take  scattering  of  the  beam  into  account. 

(i./f.d.  I'ijjtcl  of  III'  G(()niaijn<  tic  Field 

In  the  (Uher  sections  of  this  rcqiort  we  consider  the  variety  of  ionospheric  modifi- 
catiiui  ('Iforts  that  can  Ix'  produci'd  by  beams  of  charged  jiarticles,  including  plasma 


ellipsoidal 

reflector 


PLASMA-PRODUCING 

LASER 


Figure  1.  Schematic  of  the  X-ray  generation  process.  A  Ncl:YAG  laser 
at  the  bottom  of  the  figure  is  used  to  produce  an  intense  infrared  beam 
that  is  focussed  on  a  tantalum  target  (left),  producing  an  intensely  hot 
spot  ---actually  a  plasma — whose  blackbody  radiation  lies  predominantly 
in  the  soft  X-ray  range.  The  spot  is  located  at  one  focus  of  an  ellipsoidal 
reflector  and  the  X-rays  are  focussed  by  reflection  at  grazing  incidence 
from  the  ellipsoid.  The  focal  point,  the  other  focus  of  the  ellipsoid,  is 
shown  to  the  right  in  the  figure,  which  is  an  adaption  of  Figure  1  in  Young 


153 


(neutral)  beams.  In  all  except  one  possible  case  (where  a  relativistic  electron  beam 
propagates  through  an  ionization  channel),  the  earth’s  magnetic  field  plays  a  major 
role,  since  the  charged  particles  in  the  beams,  no  matter  how  energetic,  are  deflected 
by  the  field.  A  special  case  is  the  one  where  the  charged  particles  are  moving  in 
the  direction  of  the  magnetic  field.  However,  even  in  this  latter  case  the  magnetic 
field  plays  a  crucial  role,  since  the  charged  particle  beam  must  be  directed  along  the 
field  and  therefore  the  choice  of  its  direction  is  severely  constrained.  In  addition, 
the  earth’s  field  is  not  generally  very  uniform  except  in  the  equatorial  region,  and  a 
particle  beam  originally  directed  along  the  magnetic  field  will  soon  be  exposed  to  the 
curvature  of  the  field  if  it  is  to  travel  to  any  significant  distance. 

The  i)ropagation  of  an  X-ray  beam  is  not  directly  influenced  by  the  earth’s  mag¬ 
netic  field.  There  may  be  small,  second-order  effects  in  the  beam  absorption,  for 
example,  that  we  have  not  investigated,  but  in  general  the  beam  can  be  directed  at 
any  angle  to  the  earth’s  field  without  concern  for  its  deflection.  This  is  an  important 
distinction  between  the  ‘photon’  method  of  modification  and  those  involving  charged 
particles. 


Penetration  Distance 


Let  us  now  consider  the  depth  of  penetration  and  ionization  production  of  the  X- 
ray  beam.  As  a  first  case,  let  us  assume  that  both  the  density  of  absorbers/scatterers 
and  their  cross  sections  are  constant.  This  is  an  idealization,  but  it  applies  quite 
closely  to  the  situation  where  the  X-ray  beam  is  directed  horizontally.  Assume  the 
horizontal  distance  variable  is  x,  the  initial  intensity  of  radiation  is  Iq  and  that  the 
intensity  at  any  subsequent  position  is  I.  The  cross  section  will  be  denoted  by  a  and 
the  number  density  of  absorbers/scatterers  by  n.  We  then  use  a  standard  procedure 
{( .g.,  Lion  [1980])  to  derive  /  in  terms  of  cr,  n,  and  x  as  follows. 


3  he  loss  in  intensity  A/  in  a  distance  Ax  can  be  written  A/  =  lanAx.  This 
gives  A///  =  an  Ax  and  integrating  both  sides  we  obtain 


/  =  /()  exp 


andx). 


(6.3) 


.  V-  rT.  «*..  »•»  sfj.  M*!*!!*.. 


where  the  quantity  andx  is  the  optical  depth.  Until  this  stage  we  have  made  no 
explicit  assumption  about  the  spatial  variations  of  the  cross  section  a  or  absorber 
density  n.  We  now  assume  both  are  constant  and  obtain 

/  =  /o  exp(— crna:).  (6.4) 

This  last  equation  shows  that  the  X-ray  beam  is  attenuated  exponentially,  and 
that  its  intensity  is  reduced  to  1/e  of  its  initial  value  in  a  distance  l/crn.  Since  this 
latter  quantity  depends  only  on  the  properties  of  the  absorbing  medium,  and  tells  us 
something  significant  about  the  rate  of  absorption  with  distance,  we  will  refer  to  it 
as  the  characteristic  penetration  distance  and  give  it  the  symbol  dg.  Thus  the  optical 
depth  anx  implied  by  (6.4)  becomes  unity  when  x  =  dc- 

At  an  altitude  of  100  km,  the  predominant  atmospheric  constituent  is  neutral 
molecular  nitrogen  (N2)  with  a  density  of  ~  10^^  cm“*  [Banks  and  Kockarts,  1973], 
Taking  a  wavelength  of  100  .4,  for  which  the  molecular  nitrogen  cross  section  is  ~ 
1.3  X  10“’^  cm",  we  obtain  dc  ~  0.8  km,  and  it  is  clear  that  an  X-ray  beam  will  not 
penetrate  to  any  great  distance.  However,  if  the  wavelength  is  changed  to  10  A,  the 
nitrogen  cross  section  drops  to  ~  8  x  10“"°  cm^  and  dc  ~  13  km,  and  we  could 
expect  the  beam  to  penetrate  for  some  tens  of  kilometers.  The  increase  of  penetration 
distance  with  decreasing  wavelength  continues  as  the  wavelength  is  reduced  below  10 
A,  and  the  distances  can  become  quite  large.  At  1  A,  for  example,  the  N2  absorption 
cross  section  is  ~  10“^^  cm^  and  dc  ~  13,000  km. 

Table  3  shows  the  variation  of  dc  for  a  selection  of  wavelengths  in  the  range  1-500 
.4  and  altitudes  in  the  range  80-140  km.  It  can  be  seen  that  there  is  a  very  rapid 
increase  of  dc  with  increasing  altitude.  Taking  a  general  view,  an  X-ray/EUV  beam 
with  wavelengths  in  the  band  30  300  A  will  not  penetrate  horizontally  through  the 
atmosphere  to  any  great  distance  for  altitudes  below  100  km.  However,  for  altitudes 
above  1  10  km  the  longest  wavelength  components  of  the  beam  can  penetrate  for 
at  least  some  tens  of  kilometers,  and  the  shortest  wavelength  components  to  much 
greater  distances.  These  results  also  have  clear  implications  for  the  X-ray/EUV  beam 
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if  it  is  directed  downwards  from  some  altitude  in  the  range  110-500  km:  it  will  pene¬ 
trate  down  to  an  altitude  of  about  90-100  km,  but  it  will  not  penetrate  significantly 
below  that  level.  Wavelengths  less  than  10  A  will  be  required  if  deep  penetration 
below  100  km  is  desired. 

Figure  2  illustrates  the  latter  point.  It  shows  a  plot  of  the  depth  of  penetration  of 
X-radiation  into  the  earth’s  atmosphere  from  sources  external  to  the  earth  [Culhane 
and  Sanford,  1981].  Specifically,  the  curve  in  the  figure  shows  the  altitude  at  which 
50%  of  the  X-rays  incident  on  the  earth’s  atmosphere  are  absorbed.  In  accordance 
with  our  conclusion  above,  it  can  be  seen  that  it  is  only  X-rays  with  photon  energies 
greater  than  1  keV  (wavelengths  less  than  10  A  )  that  penetrate  significantly  below 
100  km. 

6.4. 4-  Ionization  Production 


Let  us  now  consider  the  ionization  produced  by  our  X-ray  beam.  From  the  discus¬ 
sion  in  the  previous  subsection  we  might  expect  this  ionization  to  be  comparatively 
small  for  altitudes  above  140  km,  since  there  will  be  a  roughly  inverse  relation  between 
penetration  distance  and  the  ionization  produced  per  unit  volume  of  the  ionosphere 
illuminated  by  the  X-ray  beam.  Similarly,  we  would  expect  to  see  substantial  ioniza¬ 
tion  produced  below  100  km  and  little  penetration. 


Once  again  we  will  assume  initially  that  the  X-ray  beam  is  directed  horizontally 
through  the  ionosphere,  so  that  the  number  densities  and  cross-sections  are  constant. 
This  approach  gives  us  enough  information  to  generalize  to  the  case  of  an  arbitrarily 
directed  beam.  The  beam  will  be  assumed  to  be  cylindrical,  with  uniform  intensity 
/  across  the  circular  cross  section  (radius  r).  Suppose  that  a  pulse  of  X-rays  of  total 
energy  E  and  duration  r  is  radiated.  We  can  then  write 


/o  = 


E 

Trr^r  ’ 


(6.5) 


which,  fruiii  ( (i.  1).  gives 


/  = 


E 


rr-r 


exp  ( —anx). 


(6.6) 


x-ray  Energy  (keV) 


Figure  2.  Curve  showing  the  penetration  of  X-rays  down  into  the  earth’s 
atmosphere  from  sources  outside  the  atmosphere  [Culhane  and  Sanford, 
19S1].  The  points  plotted  show  the  altitudes  at  which  50%  of  the  X-rays 
incident  vertically  on  the  earth’s  atmosphere  are  absorbed.  X-rays  with 
cnrigies  le.ss  than  1  keV  are  absorbed  at  higher  altitudes. 


Table  3.  Some  representative  characteristic  penetration  distances  dc 
at  four  different  altitudes  h  for  some  wavelengths  in  the  X-ray  and 
EUV  bands.  The  distances  are  in  kilometers  and  an  asterisk  indicates 
a  distance  greater  than  10,000  km. 


A  (A) 

h  =  80  km 

li  =  100  km 

h  =  120  km 

h  =  140  km 

1 

300 

5 

3 

100 

* 

10 

0.4 

13 

236 

1790 

50 

0.1 

4.3 

82 

621 

100 

0.02 

0.8 

14 

110 

500 

0.001 

0.04 

0.8 

6.2 

This  last  equation  gives  the  intensity  at  any  point  along  the  cylindrical  beam.  To 
compute  the  ionization  produced,  consider  a  thin  cross  sectional  slice  of  the  beam,  of 
thickness  dx.  The  volume  of  the  element  is  T:r~dx  and  the  energy  deposited  per  unit 
time  from  the  X-ray  beam  is 

I(nr^dx)an.  (6.7) 

W'e  now  estimate  the  number  of  electrons  produced  by  assuming  an  energy  utilization 
of  35  eV  per  ion  pair  [Banks  and  hockarts,  1973,  Part  A,  p.  83].  Writing  iix  for  the 
number  density  of  the  electrons  produced  by  the  X-rays,  and  making  the  appropriate 
substitutions,  we  obtain  the  following  from  (6.6)  and  (6.7) 


Ban 

3.57rr2 


exp(  — onx), 


(6.8) 


where  it  is  assumed  that  E  is  measured  in  eV. 


fl./f.o.  Illus/rnih'f  Compulation 


In  Ser  lion  6.1. 1  we  (jiioted  an  X-ray  pulse  energy  of  roughly  0.01  J  for  the  system 
rurrentlv  (q)erating  at  Stanford.  Assuming  a  pulse  energy  of  0.1  J,  for  a  modestly 


upgraded  system,  we  can  write  (6.8)  in  the  form 

rix  =  5.68  X  exp(  — (Tnx).  (6.9) 

It  will  now  be  assumed  that  <7  3  x  10~"^  m“  and  that  the  radius  r  is  0.1  m.  The 

cross  section  is  for  molecular  nitrogen  and  is  typical  for  wavelengths  in  the  range  10- 
100  A  [Banks  and  Kockarts,  1973],  and  the  radius  is  representative  of  the  aperture 
of  grazing  incidence  reflectors  currently  in  use  at  Stanford.  This  latter  assumption 
is  idealistic:  it  implies  that  the  heated  spot  is  a  geometric  point  located  at  the  focus 
of  the  paraboloid  producing  the  cylindrical  beam.  The  numerical  values  of  the  two 
quantities,  and  the  radius  in  particular,  can  be  varied  substantially  from  those  just 
chosen,  but  our  purpose  here  is  to  illustrate  general  behavior,  not  to  provide  exact 
numerical  results,  and  the  chosen  values  are  adequate  for  this  illustrative  purpose. 
Equation  (6.9)  now  becomes 

Hz  =  1.7  X  10“®  nexp(— 3  x  10“^^nx),  (6.10) 

where  n  and  Ux  are  measured  in  m~^. 

It  is  now  necessary  for  us  to  adopt  representative  values  for  the  number  density 
of  molecular  nitrogen.  These  values  will  be  taken  from  altitude  profiles  published  by 
Banks  and  Kockarts  [1973]  (see  Part  A,  p.  4)  and  Whitten  and  Poppoff  (see  p. 
70)  and  they  are  tabulated  in  Table  4.  Also  tabulated  are  typical  ambient  daytime 
ion  densities  [Banks  and  Kockarts,  1973,  Part  A,  p.  14]. 

The  data  in  Table  4  show  that  the  X-ray  beam  can  produce  substantial  ionization 
in  the  vicinity  of  the  generator.  For  example,  at  an  altitude  of  90  km,  the  ionization 
density  produced  by  the  beam  for  x  ~  0  is  about  10®  times  greater  than  the  ambient 
ionization  density.  This  is  during  the  daytime;  during  the  night  the  ionization  pro¬ 
duced  by  the  beam  should  be  roughly  the  same,  but  the  ambient  density  will  be  less, 
giving  an  even  greater  contrast  between  the  two  levels  of  ionization.  The  contrast 
between  the  local  ionization  caused  by  the  beam  and  the  ambient  ionization  grows 
less  as  the  altitude  increases.  As  shown  by  Table  4,  the  local  beam  ionization  is  only 
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Table  4.  Representative  number  densities  n  for  neutral  molecular  ni¬ 
trogen  and  the  corresponding  expressions  for  (from  Equation  6.10) 
at  six  different  E-region  altitudes  h.  Also  shown  are  typical  ambient 
daytime  ion  densities  ni  and  the  approximate  length  D  of  the  ionized 
path  produced  by  the  beam. 
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140 
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1  X  10*3  exp  (—2  X  10~®x) 

1240 

an  order  of  magnitude  above  the  ambient  ionization  at  140  km  and  around  160  km 
there  is  little  difference. 

When  the  expressions  for  Ux  in  Table  4  are  evaluated  and  the  resulting  ionization 
densities  plotted  against  distance  ar,  a  distance  D  can  be  derived  beyond  which  the 
X-ray  ionization  densities  are  less  than  the  ambient  density  (we  are  still  considering 
horizontally  directed  X-ray  beams).  This  distance  D  is  representative  of  the  length  of 
ionized  path  that  might  be  measured  by  a  ground-based  radar  or  other  detector  during 
operation  of  the  X-ray  beam  generator.  As  might  be  expected  from  the  previous 
discussion  of  penetration  distances,  D  is  small  at  low  altitudes  and  increases  with 
increasing  altitude.  The  values  of  D  are  tabulated  in  Table  4  and  can  be  seen  to  vary 
from  around  4  km  at  /i  =  90  km  to  greater  than  1200  km  at  =  140  km  (these  two 
cases  are  further  illustrated  in  Figure  3).  Once  again,  as  we  saw  with  the  penetration 
distance,  the  altitude  range  90-140  km  demarcates  two  regions;  (1)  an  upper  region, 
h  >  140  km,  in  which  the  X-ray  beam  penetrates  to  large  distances,  but,  as  we  now 
see,  a  region  in  which  the  beam  produces  little  change  in  ionization,  and  (2)  a  lower 
region,  h  <  90  km.  in  which  the  beam  penetrates  only  to  small  distances,  but,  as  we 


now  see,  a  region  in  which  the  beam  can  produce  substantial  changes  in  ionization. 


The  above  computations  of  the  ionization  are  based  on  the  assumption  of  a  beam 
of  X-rays  only  0.1  ni  in  radius.  As  we  have  seen,  the  finite  size  of  the  heated  spot 
generating  the  .X-rays  is  more  likely  to  lead  to  beam  radii  of  around  5  m  at  a  distance 
of  10  km  from  the  generator.  Since  the  number  density  of  the  electrons  produced 
by  the  beam  varies  as  (radius)"",  it  is  crucial  that  the  radius  be  kept  small  if  the 
additional  electrons  are  to  be  observable  above  the  normal  background  level.  The 
four  most  obvious  methods  for  ensuring  this  condition  are  (1)  sharp  focussing  of  the 
initial  laser  beam  on  the  heavy  metal  target,  (2)  accurate  location  of  the  heated  spot 
at  the  focus  of  the  reflector,  (3)  use  of  very  short  pulses  of  incident  infrared  radiation, 
and  (4)  the  use  of  some  active  method,  such  as  the  application  of  a  strong  magnetic 
field,  to  reduce  the  expansion  of  the  pla.sma  created  at  the  heated  spot. 

The  above  results  apply  to  a  horizontally  directed  X-ray  beam,  but,  taken  in 
conjunction  with  the  work  in  the  preceding  sub-sections,  they  have  obvious  implica¬ 
tions  for  non-horizonally  directed  beams.  For  example,  if  we  suppose  the  X-ray  beam 
generator  is  located  at  li  =  140  km  and  the  beam  is  directed  vertically  downwards, 
we  would  expect  to  see  a  moderate  increa.se  of  ionization  (to  roughly  ten  times  the 
ambient  level)  within  the  path  of  the  beam  down  to  /i  w  120  km.  The  increase  of 
ionization,  and  attenuation  of  the  X-ray  beam,  will  then  become  more  substantial, 
with  the  beam  becoming  totally  ab.sorbed  somewhere  in  the  range  90  <  h  <  100. 

()Jf.6.  Recombination 

1  he  subject  of  recombination  arises  several  times  in  this  report.  In  the  present 
case  the  initial  ionization  produced  by  the  X-ray  beam  consists  predominantly  of  the 
positive  atmospheric  ions  and  and  free  electrons,  just  as  was  the  case  with 
the  ionization  produced  by  relativistic  electron  beams  (Section  4),  and  much  of  the 
discussion  of  plasma  chemistry  contained  in  that  section  pertains  to  the  ionization 
produced  in  the  X-ray  case.  There  is  a  substantial  difference,  however,  in  the  relevant 
altitudes.  As  we  have  seen  above,  the  X-rays  are  absorbed  primarily  in  the  altitude 
range  90  120  km.  whereas  the  relativistic  electron  beam  can  penetrate  much  lower  in 


h  =  100  km 
h  =  140  km 


1000 


100( 


Distance  (km) 


Figure  3.  Two  curves  showing  examples  of  the  ionization  produced  by 
a  single  0.1  J  beamed  pulse  of  X-rays  as  it  propagates  horizontally  at 
altitudes  of  90  km  and  140  km.  The  shading  at  the  ends  of  the  curves 
indicates  that  the  the  ionization  produced  by  the  beam  has  declined  to 


the  level  of  the  ambient  ionization  and  will  be  less  than  the  ambient  level 


for  distances  greater  than  those  indicated  by  the  start  of  shading.  The 
ionization  levels  produced  by  the  X-rays  at  140  km  are  much  less  that 
those  produced  at  90  km,  but  the  radiation  penetrates  much  further. 
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the  atmosphere,  to  where  the  chemistry  is  very  different. 

We  would  expect  a  dissociative  recombination  process  of  the  form 


N++e  =  N*  +  N*, 


(6.11) 


where  the  asterisks  indicate  that  the  atoms  may  be  internally  excited,  to  be  the 
principal  process  leading  to  loss  of  the  molecular  ions  and  free  electrons  produced 
by  the  X-ra}’  beam.  These  processes  are  known  to  be  rapid  and  to  be  the  principal 
means  of  ion  recombination  in  the  ionosphere. 

The  lifetime  of  the  ionization  produced  by  the  X-rays  can  be  estimated  by  using 
the  formula 

1 


TO  = 


a  one 


(6.12) 


where  to  is  the  time  constant  (or  decay  time)  for  the  process,  ao  is  the  recombination 
rate,  and  is  the  electron  density  (this  formula  has  already  appeared  in  subsections 
2.1.1  and  4.2.2).  The  recombination  rate  depends  on  the  electron  temperature  (see 
Ecjuation  1.4).  which  for  our  altitudes  of  interest  can  be  taken  to  be  about  SOOdeg  K. 
The  corresponding  recombination  rate  is  ao  3  x  10"^  cm^sec”^  or  ao  w  3  x  10"^^ 
m^.sec“*  [Banks  and  Kockarts^  1973,  Part  A,  p.  255].  Thus 

3  X  10*2 


TO 


Tie 


(6.13) 


where  it  is  assumed  that  He  is  measured  in  units  of  m“2.  Referring  to  Table  4,  we  find 
Hf  =  Ui  (in  the  beam)  varying  in  the  range  10***  -  10*^  rn“2^  with  the  implication  from 
(6.13)  that  the  lifetime  of  the  ionization  produced  by  the  X-ray  beam  will  probably 
only  amount,  at  most,  to  some  tens  of  seconds  under  the  assumed  daylight  conditions. 

Because  the  ionization  produced  by  the  X-ray  beam  involves  the  neutral  com¬ 
ponent  of  the  ionosphere,  which  does  not  vary  much  on  a  diurnal  basis,  we  would 
expect  the  ionization  produced  by  the  beam  to  remain  roughly  the  same  from  day 
to  night,  riie  ambient  ionization,  on  the  other  hand,  will  vary  significantly,  with 
the  nighttime  electron  density  down  by  12  orders  of  magnitude  from  the  daytime 
density  in  tin*  altitude  range  90-140  km  [Cormier  et  ai,  1965].  I'iiere  may  therefore 


be  some  advantage  to  using  a  more  diffuse  or  lower-powered  X-ray  beam  at  night 
to  produce  a  more  weakly  ionized  column  than  those  discussed  above,  but  still  with 
enough  ionization  for  it  to  stand  out  from  the  surrounding  nighttime  ionosphere.  As 
noted  above,  ambient  daytime  electron  densities  typically  vary  from  10^*^  -  10^^  m“^ 
for  altitudes  in  the  range  90-140  km.  During  the  night,  an  ionized  column  with 
electron  densities  in  the  range  10*®  -  10**  m~^  would  be  10-1000  times  more  highly 
ionized  that  the  surrounding  ionosphere,  and  so  should  be  easily  measurable,  and  yet 
the  level  of  ionization  would  be  such  that  the  column  might  have  a  lifetime  measured 
in  minutes  or  tens  or  minutes. 

6.5.  X-Ray  Generation  by  Energetic  Electron  Beams 

This  method  of  generation  will  only  be  briefly  discussed.  It  is  relevant  because  it 
could  be  combined  with  the  relativistic  electron  beam  method  of  ionospheric  modifi¬ 
cation  discussed  in  Section  4. 

Starting  with  a  beam  of  relativistic  electrons  in  the  ionosphere,  hard  X-rays  could 
be  produced  by  scattering  heavy  metal  targets  into  the  beam.  The  electrons  imping¬ 
ing  on  the  targets  will  produce  X-rays  in  exactly  the  same  way  that  X-rays  are 
normally  produced  in  X-ray  tubes.  Without  specifying  the  shape  of  the  metal  targets 
in  any  manner,  we  would  expect  this  method  of  X-ray  generation  to  produce  a  largely 
spherical  distribution  of  X-ray  intensity  and  consequent  region  of  ionization. 

6.6.  Discussion 

Two  new  methods  for  modifying  the  ionosphere  by  means  of  X-rays  have  been 
described.  One  of  the  methods,  and  a  version  of  the  other,  produce  uncollimated  X- 
rays  and  thus  their  product  is  a  more-or-less  localized  region  of  enhanced  ionization 
around  the  source  of  the  X-rays.  The  techniques  involved  in  these  latter  generation 
processes  have  only  been  briefly  discussed,  but  they  could  be  effective  in  producing 
heavily  ionized  regions  in  the  upper  atmosphere.  The  second  method,  which  gives  a 
beam  of  soft  X-rays  and  EUV  radiation,  has  been  analyzed  in  some  detail  because 
of  the  numl)er  of  new  experiments  on  ionospheric  modification  that  it  would  make 


possible.  It  uses  an  infrared  laser  beam  focussed  on  a  heavy  metal  target  to  generate 
the  X-rays,  but  it  makes  use  of  reflection  at  grazing  incidence  from  a  metal  paraboloid 
to  form  the  X-rays  into  a  beam. 

The  X-ray  beam  generation  process  is  relatively  efficient  and  it  hats  already  been 
developed  and  tested  in  the  laboratory.  Our  computations  indicate  that  an  X-ray 
beam  with  the  same  characteristics  as  those  already  being  produced  in  the  labora¬ 
tory  can  penetrate  to  considerable  distances  in  the  ionosphere  with  limited  spreading 
(largely  due  to  the  finite  size  of  the  heated  spot  that  is  the  source  of  X-rays)  and 
that  it  can  produce  substantial  ionization  when  it  is  absorbed.  Ordinarily,  pene¬ 
tration  and  ionization  production  are  conflicting  requirements,  since  high  ionization 
implies  low  penetration,  but  there  are  circumstances  where  advantage  can  be  taken 
of  both  characteristics.  For  example,  an  X-ray  beam  can  be  directed  downwards  from 
a  platform  at  an  altitude  well  above  100  km;  it  will  propagate  down  with  little  initial 
loss  (ionization)  until  it  reaches  an  altitude  in  the  range  90-100  km,  where  it  will 
be  rapidly  absorbed  and  produce  its  maximum  ionization.  Once  again  we  note  the 
independence  of  the  X-ray  beam  propagation  from  the  earth’s  magnetic  field.  In  the 
example  just  cited,  the  beam  can  be  directed  downwards  without  concern  for  the 
angle  it  makes  with  the  earth’s  field,  unlike  a  beam  of  charged  particles.  Another 
advantage  of  using  an  X-ray  beam  for  ionospheric  modification,  as  compared  with  a 
charged  particle  beam,  is  its  elimination  of  vehicle  charging  problems. 

There  are  constraints  on  the  X-ray  beam  technique  of  ionospheric  modification. 
First,  it  will  have  been  noted  in  our  computations  above  that  the  altitude  range 
90-1  10  km  frequently  arises  when  illustrative  data  are  derived.  This  is  due  to  the 
remarkable  change  in  beam  absorption  that  takes  place  over  the  range:  at  90  km 
the  beam  is  quite  rapidly  absorbed  and  below  90  km  it  will  not  propagate  to  any 
substantial  distance,  whereas  at  110  km  anti  above  the  beam  will  propagate  to  large 
distances  with  little  loss,  riius  the  altitude  range  90-140  km  is  a  transition  region, 
separating  a  lower  region  of  high  ab.sorption  from  an  upper  region  of  low  absorption, 
l  or  ionospheric  modification  at  altitudes  above  I  10  km,  our  X-ray  beam  method  will 
probably  not  be  greatly  effective. 
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A  second  constraint  on  the  beam  technique  relates  to  the  altitude  constraint.  VVe 
have  specified  a  wavelength  range  of  approximately  30  300  A  for  the  laser  technique 
of  X-ray  generation,  d'he  wavelength  range  depends  directly  on  temperature  of  the 
spot  heated  by  the  laser:  the  higher  the  temperature,  the  shorter  the  wavelengths 
of  the  .X-rays  that  are  produced.  Shorter  wavelength  X-rays  would  mean  greater 
penetration  of  an  .X-ray  beam  at  altitudes  below  90  km  and,  returning  to  tlu'  possible 
experimental  situation  described  above,  deeper  penetration  of  a  beam  from  a  source 
on  a  platform  above  100  km.  In  this  latter  case,  ionospheric  modification  could  be 
produced  at  lower  altitudes  than  80-90  km.  Unfortunately,  it  does  not  seem  feasible  at 
this  time  to  shorten  the  wavelengths  of  the  X-rays  substantially  below  about  10  .4,  for 
reasons  relating  to  the  confinement  of  the  extraordinarily  hot  plasma  that  is  created 
(and  which  is  the  source  of  the  X-rays  that  are  radiated)  when  the  infrared  beam 
strikes  the  heavy  metaf  target.  Further  research  is  needed  to  remove  this  limitation. 

We  have  restricted  consideration  to  an  infrared  laser  producing  1-10  J  pulses, 
or  more  specifically  to  a  system  configured  aound  the  one  currently  in  operation  at 
Stanford.  .Much  more  powerful  infrared  lasers  are  available  and  could  be  used  for  X- 
ray  generation.  However,  we  question  whether  this  would  be  a  reasonable  step  to  take 
at  this  lime.  .As  we  have  shown,  a  10  J  system,  if  flown,  could  produce  substantial 
ionization  changes  in  the  lower  ionosphere.  Further,  while  a  more  powerful  laser  could 
conceivably  lead  immediately  to  higher  target  temperatures  and  thus  shorter  X-ray 
wavelength.s,  it  is  not  clear  at  this  time  that  the  greater  energy  can  be  u,sed  effectively 
due  to  the  confinement  problem  mentioned  above. 

As  we  have  repeatedly  pointed  out,  there  is  a  tradeoff  between  beam  penetration 
aiul  ionization  production.  There  is  a  further  tradeoff  between  the  ionization  level 
that  is  [iroduced  and  its  lifetime;  targe  ionization  densities  have  a  short  lifetime.  It  is 
interesting  in  this  context  to  note  that  there  may  be  an  advantage  at  night  to  i)roduc(' 
onh'  a  moderate  increase  of  ionization  to  a  level  only  moderatedy  greater  than  the' 
ambii'iit  le\<'l.  1  his  might  Ix'  flone  liy  <lelib('rately  incri'asing  the  width  of  the  .X-ray 
beam,  tlin-'  puidncing  a  larger  column  of  ionization,  or  by  otherwise  reducing  the 
intensilv  of  the  .\  rays  in  the  beam.  A  high-i)ow<'red  Xnay  be-am  is  not  lu'ci'ssaril v 
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an  advantage  under  all  conditions. 

We  have  not  dwelled  on  the  ease  with  which  the  X-ray  beam  could  be  focussed 
on  a  point  in  the  ionospheric  plasma.  A  roughly  spherical  region  of  highly  ionized 
plasma  could  be  produced  by  this  technique  that  could  have  interesting  properties; 
an  extreme  case  of  ionospheric  modification. 

6.7.  Suggestions  for  Further  Work 

The  infrared  laser  method  of  generating  an  X-ray /EUV  beam  described  in  this 
chapter  has  obvious  potential  for  interesting  new  experiments  on  ionospheric  modifi¬ 
cation,  which  could  help  illuminate  the  basic  processes  of  formation  of  the  ionosphere. 
Before  such  experiments  can  be  carried  out,  however,  there  must  be  a  transition  of  the 
X-ray/EUV  beam  generator  from  its  present  laboratory  bench  setup  to  a  well-tested 
and  rugged  generator  that  can  be  flown  on  a  rocket  (a  balloon  flight  does  not  appear 
likely  to  take  the  generator  to  a  high  enough  altitude  for  the  beam  to  penetrate  sig¬ 
nificantly  far  from  the  platform,  although  it  would  otherwise  have  many  advantages 
for  an  initial  experiment).  Thus,  if  it  was  desired  to  conduct  an  X-ray  beam  in  the 
ionosphere,  one  of  the  first  tasks  would  be  construction  of  a  flight-ready  beam  gener¬ 
ator  and  its  testing  in  a  vacuum  chamber.  The  possibility  of  a  balloon  flight  should 
be  investigated  further,  despite  our  opinion  at  this  time  that  it  would  not  lead  to  a 
useful  beam  experiment:  it  would  still  be  possible  to  produce  substantial  ionization  in 
the  vicinity  of  the  generator,  and  the  experience  gained  in  operating  the  X-ray/EUV 
generator  as  part  of  a  balloon  payload  would  be  an  invaluable  preliminary  to  a  rocket 
experiment  .  .An  extension  of  the  present  feasibility  study  to  include  a  more  rigorous 
analysis  of  the  beam  generation  and  propagation  of  the  beam  in  the  ionosphere  and 
possibly  also  neutral  atmosphere  (in  support  of  a  balloon  experiment)  would  also  be 
de.-^irable. 

.A  key  experimental  study  that  should  be  made  is  one  of  the  various  techniques 
(some  of  which  are  detailed  in  this  report)  for  reducing  the  size  of  the  spot  on  the 
lieavy  metal  target  that  is  heated  by  the  infrared  beam.  Spreading  of  the  X-ray  beam 
depends  [)!  irnarily  on  the  size  of  the  heated  spot,  and  there  is  a  direct  relation  between 


the  spot  size  and  the  spreading  of  the  beam.  The  more  closely  the  spot  size  can  be 
controlled,  and,  in  particular,  the  smaller  it  can  be  made,  the  better  the  spreading 
can  be  controlled.  Such  a  study  can  be  most  effectively  conducted  in  the  laboratory. 

.Assuming  the  completion  of  the  preliminary  studies  and  construction  of  a  flight- 
ready  generator,  the  next  step  would  be  a  rocket  experiment.  There  is  no  doubt,  even 
at  this  early  stage,  that  an  X-ray  beam  generator  can  be  constructed  to  conform  to 
the  weight,  size,  and  other  payload  limitations  of  a  rocket  flight.  Thus  the  decision 
on  whether  to  conduct  a  rocket  experiment  would  need  to  be  based  on  the  new  in¬ 
formation  that  would  be  provided  by  the  experiment,  on  the  usefulness  of  the  new 
technology  that  would  result  from  the  experiment,  on  the  relevance  of  such  an  exper¬ 
iment  to  other  interests  of  the  Air  Force  and  the  Department  of  Defence  generally, 
and  on  the  cost  of  the  experiment.  Scientifically,  a  rocket  experiment  could  produce 
much  new  information  on  the  properties  of  the  ionosphere. 
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7.  NEUTRAL  GAS  RELEASES 


7.1.  Introduction 


In  this  section  we  discuss  the  possible  consequences  which  follow  from  the  release 
of  a  cloud  of  neutral  gas  from  an  orbiting  or  other  high  speed  platform  in  the  iono¬ 
sphere.  Interest  in  this  type  of  experiment  has  evolved  during  the  past  decade  as  a 
consequence  of  the  Critical  Ionization  Velocity  (CIV)  concept.  From  laboratory  ob¬ 
servations  and  some  space  experiments,  it  is  known  that  neutral  gases,  when  injected 
into  an  magnetized  plasma  at  a  velocity  which  is  greater  than  that  corresponding  to 
the  ionization  energy  of  the  gas,  will  undergo  rapid  ionization.  This  phenomenon  is 
attributed  to  a  complicated  sequence  of  compounding  events.  First,  a  few  of  the  fast 
moving  neutrals  are  assumed  to  be  ionized  by  some  process.  These  few  streaming 
ions  then  interact  with  the  background  plasma  to  generate  intense  ion  electrostatic 
waves  which,  in  turn,  heat  the  electron  component  of  the  ambient  plasma.  If  the 
energy  transfer  rate  is  rapid  so  the  electrons  become  sufficiently  hot,  they  can  further 
ionize  the  neutral  gas,  thereby  permitting  an  even  more  rapid  conversion  of  the  orig¬ 
inal  neutral  gas  kinetic  energy  into  plasma  heating.  Eventually,  a  rapid  cascade  of 
ionization  may  result,  totally  converting  the  neutral  gas  to  plasma.  Both  laboratory 
experiments  and  computer  simulations  [Machida  and  Goertz,  1986]  demonstrate  the 
CIV  effect. 

Experiments  to  verify  the  validity  of  the  CIV  concept  to  the  conditions  of  space 
plasma  have  been  undertaken,  but  the  results  are  not  uniformly  postive.  Conse- 
(luently,  extensive  efforts  supported  by  NASA,  the  DOD,  and  international  agencies 
are  underway  to  develop  understanding  of  all  of  the  complex  factors  involved  in  CIV. 

Here  we  wish  to  describe  another  interesting,  less  well  known  process  which  occurs 
when  neutral  gases  are  released  at  high  speeds  in  the  ionosphere,  but,  for  various 
reasons,  riie  heating  of  the  plasma  is  insufficient  to  yield  the  CIV  effect.  The  basic 
idea  is  as  follows;  Imagine  that  a  cloud  of  neutral  gas  is  released  within  the  ionosphere 
from  an  orl)il  ing  platfom.  .As  this  injected  gas  cloud  moves  along  the  orbital  path  (and 
expands  with  respect  to  its  original  volume),  it  will  undergo  two  distinct  interactions 


with  the  upper  atmosphere.  F’irst,  elastic  scattering  will  occur  with  the  ambient 
atmospheric  gases.  These  collisions  will  gradually  dissipate  the  directed  kinetic  energy 
of  orbital  motion,  slightly  heating  the  atmosphere  and  strongly  heating  the  injected 
neutral  gas.  Second,  and  most  important  for  the  present  idea,  for  certain  conditions 
there  will  be  charge  exchange  between  the  neutral  gas  and  the  ambient  ions  (primarily 

)  of  the  ionosphere.  The  new  ions  can  no  longer  continue  to  follow  the  neutral 
orbital  trajectory  but  immediately  gyrate  around  the  magnetic  field  at  their  points 
of  origin.  This  gyration,  which  is  circular  in  the  local  frame  of  the  local  ionosphere, 
has  a  radius  set  by  the  mass  of  the  new  ion  and  its  initial  velocity  perpendicular  to 
the  magnetic  field.  As  shown  in  the  discussion  below,  because  these  new  ions  have 
different  gyroradii  than  the  ambient  ions  of  the  ionosphere,  there  will  be  an  immediate 
electrodynamic  effect  which  leads  to  the  generation  of  ELF/VLF  waves  and  other 
electron  density  fluctuations  that  can  significantly  disturb  the  local  ionosphere. 

7.2  Basic  Processes 

The  geometry  of  the  situation  is  shown  in  Figure  7.1.  A  spherically  expanding 
cloud  of  neutral  gas,  composed  of  particles  identified  by  the  symbol  X  and  having 
molecular  mass  A/j,  is  shown  at  an  instant  of  time  when  the  cloud  has  a  radius  R.  At 
this  moment,  the  cloud  is  traveling  at  a  velocity  V  relative  to  the  ambient  magnetic 
field,  B,  through  an  ionospheric  plasma  composed  primarily  of  O"*"  and  electrons.  For 
this  discussion,  we  will  assume  that  the  Af-type  neutral  particles  (and  subsequent 
ions)  are  much  more  massive  than  the  O"''  ions. 

The  effect  we  wish  to  investigate  follows  from  charge  exchange,  represented  by 
the  reaction 

X  +  O+^X+tO  (7.1) 

where  .V  represents  an  atom  or  molecule  of  the  injected  gas  and  0“^  is  assumed  to  be 
the  dominant  ion  of  the  ionosphere. 

The  charge  exchange  reaction  given  by  Fqn.(7.1)  precedes  very  rapidly  when 
the  ionization  potentials  of  the  two  neutral  gases  {X  and  0)  are  the  same.  In  this 
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situation,  called  resonant  charge  exchange,  cross  sections  as  large  a^  cm^  obtain. 

However,  when  there  is  a  difference  between  the  ionization  potentials  of  the  two 
gases  (called  the  energy  defect),  charge  exchange  can  occur  only  if  the  kinetic  energy 
of  relative  motion  is  adequate  to  make  up  the  difference  of  ionization  potentials, 
rims,  charge  exchange  between  unlike  ions  and  neutral  particles  in  the  ionosphere  is 
generally  very  slow  at  the  mean  thermal  energies  of  the  ionosphere  (~  0.1  to  0.3  eV). 

With  respect  to  the  present  circumstances,  the  orbital  energy  of  the  injected 
neutral  gas  particles  enters  into  the  energetics  of  the  charge  exchange  process  and  it 
can  be  expected  that  charge  exchange  will  precede  at  a  rapid  rate  (<7  ~  5  x 
cm“)  as  long  as  the  injected  gas  particles  continue  to  move  at  high  speeds  relative 
to  the  background  atmosphere.  Thus,  charge  exchange  will  occur  easily  for  a  newly 
injected  neutral  particle  (and  for  its  ion  still  having  the  same  kinetic  energy),  but 
as  the  energy  of  this  particle  (and  its  gyrating  ion)  degrades  as  a  consequence  of 
collisions  with  atmospheric  gases,  the  cross  section  for  charge  exchange  will  quickly 
become  small. 

With  this  background  information,  there  are  important  consequences  which  follow 
from  the  release  of  a  cloud  of  neutral  gases  from  an  orbiting  vehicle.  If,  as  was 
hypothesized  earlier,  we  have  relatively  heavy  neutral  particles,  so  that  the  kinetic 
energy  of  relative  motion  overcomes  the  energy  defect  of  charge  exchange  with  O"*", 
we  can  expect  the  rapid  conversions  of  X  atoms  or  molecules  into  X'^  ions.  As  each 
rapidly  moving  neutral  gas  particle  is  converted  into  an  ion,  it  retains  its  original 
directed  velocity.  V.  However,  owing  to  the  local  magnetic  field,  the  ion  immediately 
experiences  a  V  X  B  deflection.  This  situation  is  shown  in  Figure  7.2  from  the 
coordinate  frame  of  the  local  ionosphere.  Because  the  X'^  ions  are  more  massive 
than  the  O'*'  ions,  and  because  of  their  directed  velocity  of  motion,  the  gyroradii  of 
the  .V"*”  imis  will  be  much  larger  than  the  O'*'  gyroradii,  perhaps  by  a  factor  of  10  or 
more',  and  very  much  greater  than  the  gyroradii  of  the  ambient  electrons. 

I  he  conse()uence  of  this  generation  of  new  ions  with  large  gyroradii  is  a  sideways 
eh'flectioii  of  all  newly  createel  .V  +  ,  wh  ich  will  immediately  create  a  lateral  shift  of 
positive  charge  with  a  net  electrical  charge  imbalance  at  the  edges  of  the  neutral 
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Ambient  Atmosphere  and 
lonosDhem 


Figure  7.1.  Showing  a  cloud  of  X-type  neutral  particles  expanding  radially  outw’ard 
while  moving  through  the  ionosphere  with  a  velocity  V  relative  to  the  magnetic  field 
B.  riie  background  ionosphere  is  assumed  to  be  composed  of  O"''  ions  and  electrons. 
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g£is  cloud.  (This  occurs  because  the  ambient  electrons  and  0+  have  relatively  small 
gyroradii  compared  with  that  of  the  high  speed,  heavy  X'^  ion.)  This  effect  occurs 
only  at  the  edges  of  the  trace  of  the  neutral  cloud  in  a  zone  which  is  approximately  an 
X'^  gyrodiameter  thick.  Elsewhere,  the  larger  gyroradius  of  the  X'^  ion  doesn’t  make 
any  difference  since  the  trajectory  of  the  ion  will  be  through  a  uniform  electron/0'*' 
plasma.  This  situation  is  shown  in  Figure  7.3. 

The  principal  consequence  of  the  charge  exchange  process  is  thus  to  create  a 
polarization  electric  field  in  a  region  defined  by  the  outer  edge  of  the  passing  cloud. 
This  electric  field  is  not  static,  but  strongly  fluctuating:  Owing  to  the  random  nature 
of  the  charge  exchange  reactions  and  the  fact  that  the  trajectories  of  the  X'^  ions  are 
circular  around  the  local  magnetic  field,  it  can  be  expected  that  strong  incoherent 
electric  fields  at  the  cyclotron  frequency  of  the  X'*'  ion  will  occur.  In  addition,  ion- 
ion  plasma  micro-instabilities  may  also  be  stimulated.  The  consequent  fluctuating 
electric  fields  will  have  an  impact  on  the  ambient  electron  motions,  with  the  effect  that 
energy  will  be  transfered  from  the  A'"*"  ions  to  plasma  waves  involving  the  electron 
gas.  Heating  of  the  electrons  is  an  inevitable  consequence,  with  the  production  of 
strong  electron  gas  irregularity  structures. 


Ill  some  ways,  the  above  description  is  parallel  to  the  sequence  of  events  thought 
to  occur  in  the  critical  ionization  velocity  phenomenon.  However,  the  strict  CIV 
conditions  necessary  for  subsequent  netural  gas  ionization  are  not  required  to  establish 
the  wave  effects  desired  here,  nor  do  we  need  to  consider  the  consequences  of  ion-ion 
microinstabilities:  The  principal  effects  are  macroscopic  in  nature  and  arise  from 
finite  gyroradii  effects  in  the  finite  geometry  of  the  orbiting  cloud. 


The  foregoing  description  treats  the  neutral  cloud  at  a  fixed  time.  In  fact,  the 
cloud  itself  will  continually  expand  as  it  travels  along  (See  Figure  7.4).  In  this  situa¬ 
tion,  it  can  be  expected  that  the  region  of  active  wave  generation  will  follow  the  outer 
boundary  of  the  neutral  cloud,  remaining  about  a  gyrodiameter  thick  and  continuing 
to  result  in  plasma  disturbances  and  low  frequency  wave  generation.  This  outward 
propagating  clisturbance  will  reach  its  eventual  limit  as  a  consequence  of  scattering 
and  energy  loss  in  the  neutral  atmosphere:  The  average  A  particle  energy  will  be 
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Figure  7.2.  Illustrating  the  trajectory  of  a  new,  massive  charge  exchange-produced 
.V"*"  ion.  The  gyrotrajectory  of  a  typical  0"*"  ion  and  a  thermal  electron  are  also  shown. 
The  magnetic  field  is  directed  into  the  page,  and  the  iintial  neutral  gas  velocity  is  to 
the  right. 
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Figure  7.3.  Illustrating  the  behavior  of  a  collection  of  X'^  ions  produced  from 
the  moving  cloud.  Owing  to  their  greater  gyroradii  relative  to  O"'',  there  is  a  net 
upwards  displacement  of  electric  charge.  Within  the  main  body  of  the  cloud  this  is 
neutralized  by  the  ambient  electrons,  but  at  the  upper  and  lower  edges,  there  is  a 
real  displacement  current  which  fluctuates  in  space  and  time  with  a  characteristic 
frequency  originally  set  by  the  .V'*'  ions. 
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reduced  below  that  required  to  initiate  charge  exchange  and  the  basic  interaction  will 
quickly  disappear. 

The  lifetime  of  the  effect  at  a  given  point  in  space  will  depend  on  the  rate  at  which 
the  X'*'  ions  dissipate  their  energy.  The  transfer  of  energy  to  plasma  waves  is  one 
important  channel,  while  charge  exchange  with  the  neutral  gases  of  the  atmosphere  is 
another.  In  this  last  situation,  the  .Y"*"  ions  will  undergo  the  reverse  resonance  charge 
exchange  process  represented  by  eqn.(l)  and  leave  hot  A'  neutrals  moving  away  from 
the  source  in  random  directions,  and  cold  O'*"  tied  again  to  the  local  magnetic  field 


lines. 

Finally,  the  transformation  of  O’*'  into  A^’*’  can  have  an  effect  upon  the  ionospheric 
composition  if  the  ionic  loss  process  for  A'*’  is  substantially  different  than  for  O’*".  This 
would  be  equivalent  to  a  real  change  in  ionization  density  and  might  be  important 
for  some  applications,  but  is  not  pursued  here  owing  to  its  similarity  to  water  vapor 
injection  experiments,  the  results  of  which  are  well  known  [e.g.  Bernhardt^  1982]. 

7.3.  Discussion 

The  charge  exchange  process  is  a  new  concept  with  respect  to  initiating  distur¬ 
bances  in  the  ionosphere.  Unlike  the  critical  ionization  phenomenon,  it  does  not 
increase  the  total  ionization  present  but,  rather,  acts  through  electrodynamics  to 
change  the  ion  composition  (to  A’*’)  and  to  transform  the  initial  kinetic  energy  of 
mot  ion  to  plasma  heating  and  plasma  waves. 

■Although  there  have  been  many  previous  neutral  gas  release  experiments  in  the 
upper  atmosphere,  it  appears  only  a  few  would  have  been  adequate  to  produce  the 
disturbances  described  here.  Barium  cloud  releases  from  rockets,  for  example,  depend 
u[>on  photoionization  of  .slowly  moving  neutral  vapors  to  create  ion  clouds.  The 
subse(iuent  plasma  processes,  although  of  great  interest  and  importance,  are  not 
those  which  would  occur  as  a  consequence  of  charge  exchange.  Barium  shaped-charge 
releases  possess  higher  initial  velocities  but  the  choice  of  direction  for  the  gas  is 
generally  parallel  to  the  local  magnetic  field,  a.  circumstance  that  greatly  reduces  the 
gyroradius  effect. 
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Figure  7.4.  Showing  the  regions  of  plasma  disturbance  set  by  the  expanding  neutral 
cloud  as  they  occur  in  the  ionospheric  frame  of  reference.  The  expansion  angle  of 
the  effect  is  set  by  the  magnitude.s  of  the  orbital  velocity  (~7.7  km  sec~^)  and  the 
thermal  speed  of  the  cloud  (which  depends  on  the  ma,ss  of  the  neutral  particles  and 
their  temperature  (typical  expansion  speeds  may  be  100  to  300  m  sec“^). 
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The  recent  Cameo  experiments  [Heppner  et  al.,  1981]  involving  the  release  of  bar¬ 
ium  from  an  orbiting  platform  could  have  demonstrated  some  of  the  charge  exchange 
effects,  had  the  release  been  made  at  lower  altitudes.  As  it  was,  however,  the  release 
was  made  from  a  high  altitude  spacecraft  in  a  region  where  charge  exchange  with  O"*" 
was  a  very  slow  process  compared  with  photoionization. 

It  is  likely  that  the  best  indication  of  charge  exchange  effects  can  be  found 
in  thruster  firing  data  acquired  from  experiments  on  STS-3  (1982)  and  Spacelab-2 
(1985).  In  these  flights,  small  gas  releases  were  observed  by  various  plasma  diag¬ 
nostic  instruments  carried  by  the  University  of  Iowa  PDF  and  VCAP  instrument 
packages.  Cursory  examination  of  the  data  shows  that  broad  band  ELF  and  VLF 
noise  accompanies  each  thruster  firing  and  that  this  continues  for  an  extended  period 
of  time  after  the  firing  has  stopped  (See  Figure  7.5).  Unfortunately,  samples  of  most 
of  the  plasma  diagnostic  instruments  are  available  only  at  1.6  second  time  intervals. 
Nevertheless,  the  fact  that  such  gas  releases  produce  consistent  plasma  signatures  is 
a  good  indication  that  there  is  an  anomalous  interaction  between  the  predominantly 
neutral  thruster  clouds  and  the  surrounding  plasma  medium. 

7.4.  Future  Work 

Both  theoretical  and  experimental  work  are  needed  to  explore  the  full  range  of 
processes  associated  with  the  charge  exchange  neutral  cloud  idea.  With  respect  to 
theory,  it  would  be  possible  to  conduct  plasma  simulations  with  a  3-dimensional 
plasma  code  (developed  by  Prof.  O.  Buneman  at  Stanford)  now  available  on  both 
Livermore  and  Los  Alamos  computers.  The  results  would  give  a  good  indication  of  the 
different  types  of  plasma  waves  created  in  such  a  release  and  some  indication  of  the 
subsequent  electron  density  irregularity  structures.  In  addition,  basic  calculations  of 
the  consequences  of  a  gas  release  need  to  be  done,  taking  into  account  various  possible 
charge  exchange  rates  for  different  gases  and  the  effects  of  cloud  expansion. 

With  respect  to  future  experiments,  observations  could  be  made  using  the  space 
shuttle  and  a  simple  plasma  diagnostics  payload  that  would  be  able  to  capture  the 
fast  time  response  of  the  various  neutral  gas  phenomena.  Such  a  payload  would  be 
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far  less  complicated  (and  much  less  costly)  than  the  anticipated  CRESS  experiment, 
which  incorporates  various  violent  explosives  to  produce  traceable  vapors.  In  fact, 
it  would  be  more  than  adequate  to  use  a  collection  of  pressurized,  inert  gases  to 
investigate  the  charge  exchange  processes;  He,  Ne,  and  Xe  would  give  a  variety  of 
masses  and  ionization  potentials  needed  to  explore  the  physical  processes  involved. 
In  addition,  experiments  could  be  conducted  near  ground-based  facilities,  permitting 
realtime  radio,  radar,  and  optical  mappings  of  the  neutral  gas  disturbance  zone. 

Finally,  study  of  existing  thruster  data  from  STS-3  and  Spacelab-2  experiments 
could  provide  important  information  about  gas  relea.se  phenomena.  Both  optical 
and  plasma  data  are  available  for  study,  and  great  progress  might  be  possible  in  a 
relatively  short  period  of  time,  relative  to  mounting  new  experiments  on  the  space 
shuttle  or  other  orbiting  platforms. 
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As  was  pointed  out  in  the  Introduction,  the  study  detailed  in  this  report  was 
primarily  a  search  for  new  concepts  in  ionospheric  modification,  with  our  Laboratory’s 
previous  work  on  ionospheric  modification  with  low  energy  electron  beams  taken  as 
a  starting  point.  The  topics  that  were  considered  in  some  detail  included  ionospheric 
modification  by  three  different  classes  of  electron  beams:  low  energy  (Chapter  2), 
medium  energy  (Chapter  3),  and  high  energy,  or  relativistic,  beams  (Chapter  4).  In 
addition,  consideration  was  given  to  ionospheric  modification  by  means  of  neutral, 
or  plasma,  beams  (Chapter  5),  by  X-rays  and  EUV  radiation  (Chapter  6),  and  by 
'•eleases  of  neutral  gas  from  an  orbiting  vehicle  (Chapter  7). 

The  results  of  the  study  are  summarized  in  Chapter  1,  and  more  specific  sum¬ 
maries  for  each  method  of  ionospheric  modification  are  given  at  the  end  of  the  cor¬ 
responding  chapter.  Several  detailed  suggestions  for  new  experiments  are  made  in 
addition  to  suggestions  for  applications  of  our  current  low  energy  electron  beam  ex¬ 
periments  to  ionospheric  modification.  Most  of  the  recommendations  involve  particle 
or  photon  beams,  but  an  experiment  to  investigate  a  new  charge  exchange  mechanism 
in  a  cloud  of  neutral  gas  released  from  a  rapidly  moving  vehicle  in  the  ionosphere  is 
also  described  and  is  recommended.  Two  of  the  suggested  new  experiments,  one  in¬ 
volving  relativistic  electron  beams  and  the  other  beams  of  soft  X-rays/EUV  radiation, 
utilize  new  technologies  that  have  only  recently  been  developed  and  which  have  a  po¬ 
tentially  large  payoff  in  terms  of  new  effects  that  can  be  produced  in  the  ionosphere 
and  in  the  new  knowledge  that  will  be  gained  of  the  ionosphere. 


